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I. INTRODUCTION 
Profitable wheat growing is very dependent on correct fertilizer 
use because the average yield increase due to applied fertilizers is 
large, and because yields may be decreased when too much of one 
nutrient is applied while another nutrient may remain at a deficient 
level. 
Restrictions on cereal production due to soil nutrient deficiencies 
are removed simply by applying appropriate fertilizers, and the easiest 
way to increase production in most countries is to increase the 
general use of fertilizers. The problem is that the cost of using fer­
tilizer may be considerable, or prohibitive in many cases for some 
low income farmers. In general, it is just not economical to at­
tempt to eliminate deficiencies and maximize production in the short 
term by massive application of fertilizers. Rather, economic rates of 
fertilizer application have to be chosen with a consideration of the 
cost involved, the value of the crops, expected yield responses, risks, 
and other demands on capital resources. Fertilizers are a tool that 
have to be chosen primarily for the economic benefit of farmers, the 
elimination of deficiencies, and the maximization of subsequent produc­
tion due to the progressive buildup of soil fertility resulting from 
the residual effect of fertilizers over the long term. 
According to Laird and Cady (1969), an important objective of fer­
tilizer use research is to produce information that is useful in assist­
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ing farmers in defining crop fertilization practices. The difficult 
problem is deciding how much of the needed plant nutrients should 
be applied for a variety of soil and environmental conditions. 
The quantitative description of the effects of fertilizers on yields, 
the calculation of optimal rates, and the development of soil test 
calibration equations all require a general yield equation, which expres­
ses yield as a function of nutrient application rate. For this equa­
tion a suitable mathematical model needs to be chosen on the basis 
of observation and experience. 
A general yield equation may be generated from data obtained 
from a large number of well conducted field experiments (Laird and 
Cady, 1969). Normally these trials should be distributed over time 
and space to assure the sampling of a wide range of the climatic 
and soil variables affecting yield. 
In order to express adequately the continuous relationships between 
the dependent variable, crop yield, and the factors considered as inde­
pendent variables, yield functions are established using statistical 
models approximating the unknown mathematical model, which would 
describe the function unequivocally. 
The tools are multifactorial analyses (Draper and Smith, 1981), par­
ticularly multiple regression. There are many models to choose 
from, each with its advantage and disadvantages as is shown by the 
work of Box and Wilson (1951), Johnson (1953), Baum et al. (1956, 
1957), Box and Hunter (1957), Doll et al. (1958), Box and Carter 
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(1962), Box and Draper (1963), Ferrari (1965), Heady et al. (1961, 
1963, 1966), Mead and Pike (1975), Boyd (1970), Boyd et al. 
(1976), Voss and Pesek (1962, 1965), Laird and Cady (1969), and 
for Chile, Tejeda (1966), Volke and Inostroza (1967), Culot (1973, 
1974) and Volke (1968, 1972, 1975). 
The main objective of this dissertation is to analyze and interpret 
the information generated by the Agricultural Research Institute (In-
stituto de Investigaciones Agropecuarias, INIA) from field experiments 
on wheat productivity. 
This objective will be accomplished by: 
a. an analysis of the current methodology used to assess the 
response of crops to fertilization; and 
b. the development of a general yield equation to quantify the in­
fluence of fertilizers and some soil characteristics on wheat produc­
tion, using the information collected from 76 field experiments 
located throughout the wheat area of Region IX of Chile. 
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II. LITERATURE REVIEW 
A. Volcanic Ash Soils in Chile 
Chile is a country that, like those that are located in the Pacific 
Basin, presents a geology history characterized by the influence of vol­
canic activity. As a result of this fact the distribution of volcanic 
material, which has given origin to the different soil types in the 
country, is very wide spread. These soils can be found from the 
northern border to the southern extreme, except the area between 
Atacama (27° 30') and Aconcagua (32° 20' south latitude) that was 
free of volcanism (Besoain, 1985). This distribution from 19° to 
56° south latitude implies that these volcanic soil materials are lo­
cated in variable climatic conditions that vary from temperate to cold 
(Valdes, 1969). 
According to Samper (1969) the agricultural development of a 
large area of the American continent and several countries in 
southeast Asia has been based on soils derived from volcanic ash 
material. These soils have been described already in Argentina, 
Australia, Chile, Colombia, Costa Rica, Ecuador, El Salvador, In­
donesia, Japan, Kenya, Korea, Malesia, New Zealand, Peru, Philip­
pines, Spain, Tahiti, and the United States of America (Alaska, 
Hawaii, and Oregon), and they cover about 0.84% of the earth's sur­
face (Leamy, 1984). 
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The soils derived from volcanic ash material are known under dif­
ferent names; Trumaos (Chile and Argentina), Kuroboku, Kurotsuchi, 
Andosol, Humic Allophane soils. Forest soils. Brown Forest soils 
(Japan), Yellow-brown loams of Alfisols (New Zealand), Talpetate 
(Nicaragua), Polvillos o Andosuelos (Spain), Black Dust Soils, High 
Mountain Soils or Andosols (Indonesia), and Andepts (United States 
of America). The name that predominates in most of the present 
literature is Andepts or Andisols. 
From studies of these soils there are some important publications 
that describe the general characteristics of this type of soil. Wada 
and Harward (1974) in Advances in Agronomy made a very good 
review of the amorphus clay constituents of these soils and how 
these constituents affect the physical, chemical and physico-chemical 
properties of these soils. Birrell (1964), Fieldes and Claridge (1975), 
Fernandez-Caldas and Tejedor-Salguero (1975), Ishizuka and Black 
(1977), and Wada (1978, 1980, 1985), also have made good reviews. 
In Latin America studies of these soils were started in the 1960 
decade by Luna (1969, 1972), Mejia et al. (1968), and Guerrero et 
al. (1972) in Colombia; Dondolli and Torres (1954), Lopez (1963), 
and Saenz (1966) in Costa Rica; Rico (1964) in El Salvador; 
Aguilera (1969) in Mexico; Etcheverre (1972) in Argentina; Zavaleta 
(1969) and Zamora (1969) in Peru; and Martini (1969a, 1969b) in 
Panama. 
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In Chile studies of soils that developed in volcanic ejecta started 
with Wright (1961) and continued with Leon and Polle (1958) and 
Besoain (1958, 1964, 1974). Besoain and coworkers (1964, 1977, 
1981) studied the composition of the sand and the clay fraction of 
volcanic-ash soils, the relationships between the minerals and soil for­
mation factors, and the processes of mineral formation and transforma­
tion and their relation to soil properties. Besoain (1964, 1974) 
could demonstrate by different analysis the existence of Allophane in 
the Trumao soils and Halloysite-7A in the Red clay soils. Espinoza 
(1965, 1967, 1968, 1969) and Espinoza et al. (1975) published 
several studies on the properties and chemical characteristics of 
Trumao soils. 
In 1985 the Agricultural Research Institute (INIA) with the col­
laboration of 13 authors, Besoain, Borie, Carrasco, Escudey, Galindo, 
Kuhne, Mella, Moreno, Pena, Sadzawka, Sepulveda, Varela and 
Zunino, with Tosso as Managing Editor, published "Suelos Volcanicos 
de Chile" (Volcanic Soils of Chile). It is a book of 723 pages 
and a set of 9 maps showing the distribution of volcanic soils and 
8 maps showing the geology and geomorphology of the deposits in 
Chile. The purpose of this publication was to collect most of the 
information about volcanic soils that was unedited or dispersed. 
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B. Distribution of Volcanic Soils in Chile 
The most important soils derived from volcanic ash are located 
in an area of approximately 5 million hectares in the south central 
part of the country from 35° to 43° south latitude, and represent 
about 50 to 60% of the arable land (Peralta, 1981). The work of 
Mella and Kuhne (1985) confirmed the importance of these soils, 
which have a surface area of 5,288,000 hectares with the following 
distribution; 
Trumaos 62%, 
Red Volcanic soils 12.7%, 
Nadis 9.0%, and 
other soils derived from 
Pyroclastic material (sand, etc.) 16.3%. 
Within these groups the Trumao soils. Red Volcanic clay soils 
are differentiated due to the degree of evolution and Nadi soils by 
drainage (Roberts and Diaz, 1959-1960). The Trumao and Nadi soils 
have a high organic matter content, high exchangeable iron and 
aluminum content, a higher water holding capacity than the other 
soils and a high phosphate fixing capacity that is one of the most 
important characteristics. 
The names Trumao and Nadi are Araucanian names; the first one 
makes reference to the dusty structure of the soils that means "ac­
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cumulation of ashes" or "grouping ashes", and the second one makes 
reference to an impeded drainage condition without being a swamp. 
From the pedological point of view, the soils derived from volcanic 
ash material are complex. Their properties and behavior in relation 
to other soils are quite different and there are some difficulties in 
putting them into the conventional system of soil classification. Be-
soain and Gonzalez (1977) conducted a study on "mineralogy, genesis 
and classification of volcanic ash soils of central-south Chile", and 
they postulated that from a mineralogical point of view, different as­
semblages of primary minerals, i.e., quartz, plagioclase, cristobalite 
and volcanic glass, and secondary minerals including allophane, im­
ogolite, halloysite-7A, and gibbiste are found in these soils in addi­
tion to small amounts of mica and vermiculite. From a genetic 
point of view, the alteration of volcanic ashes in Chile under humid 
and well drained conditions followed a characteristic weathering se­
quence, which progresses from amorphous-allophane compounds to crys­
talline materials such as halloysite-7A. As the soils increase in age, 
the content of allophane and imogolite tends to diminish and disap­
pear while the proportion of halloysite-7A and gibbsite tends to in­
crease. From a taxonomic point of view, Besoain and Gonzalez 
(1977) found some discrepancies between clay minerals and the posi­
tion of this soil in the American classification system. Soil 
Taxonomy, e.g, soils with different mineralogical composition are clas­
sified in the same taxonomic units, and on the other hand soils 
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with similar mineralogy are placed in different units. As a con­
clusion they proposed the use of the ratio allophane/halloysite-7A in 
order to group or classify these soils. Leamy (1983) proposed 
through ICOMAND a revision of the andisols. 
C. Trumao Soils 
There is still much discussion about the nature of the parent 
material, but most studies conclude that it tends toward a basic or in­
termediate (andesitic) type ash. The colloidal fraction is dominated 
by amorphous materials, mainly the allophane type, and sometimes 
mixed with other colloids such as imogolite (Besoain, 1958, 1964). 
The age of these soils has been considered to be postglacial 
(Roberts and Diaz, 1959-60). However, Langohr (1971, 1974) felt that 
they are contemporaneous with the last glaciation, at least for the 
Trumaos that he studied. 
The theories about the origin and deposition of the parent 
material vary according to the different regions where these soils 
occur and the different authors who studied them. The most impor­
tant theories and hypotheses about the manner of depositions were pos­
tulated by Wright (1965) and Langohr (1971, 1974). 
10 
1. Theories of Wright 
Wright (1965) suggested that it was not a single agent involved 
in this soil formation process, but was a combination of different 
conditions; 
a. direct volcanic ash falls, 
b. alluvial deposition, 
c. deposition under the form of mud flow or laharic deposition, 
d. deposition as "volcanic loess" that implies that a particular frac­
tion of the ash has been retransported by wind, and finally 
e. glacial transport and deposition. 
2. Hvpothesis of Langohr 
Langohr (1971, 1974) formulated a hypothesis based on glacial 
transport for the deposition and distribution of the volcanic ash 
parent material of Trumaos and Nadi soils. He felt that the 
theories of Wright (1965) do not give a satisfactory explanation for 
the stratigraphy and distribution of these soils. 
D. Red Volcanic Clay Soils 
The red clay soils are red-brown to red plastic clays and have 
good structure with an advanced weathering stage. They have been 
described as Red-Brown Lateritic soils (Roberts and Diaz, 1959-1960) 
or as Rotlem or Rotlem/Braunlehm transitions according to Kubiena 
(1953). Besoain (1985) considered that the red soils of the south 
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central part of Chile probably have a Holstein Age (Interglacial Yar­
mouth), and it seems evident that the actual climate has played a 
secondary role in their development. In this sense, they are 
paleosols that have evolved in warmer and a more moist climatic con­
ditions than the present ones. 
Roberts and Diaz (1959-1960) concluded that these soils had 
developed from the underlying, strongly weathered glacial till of basal­
tic rock and gravels with a mixture of ash and loess in some 
places. Nevertheless, Diaz et al. (1959-1960) attributed the sediment 
of these red clay soils to old volcanic ashes that have no relation­
ship with the underlying saprolitic substratum. Leon (1962) postu­
lated that these soils could be former forest soils that have 
undergone accelerated argillization as a result of destruction of the 
protective canopy of vegetation. Wright (1965) considered the soil 
parent material as volcanic loess. 
In the soils of both groups, Trumao and Red Volcanic Clays, 
the primary minerals have undergone a similar sequence of weathering 
(Besoain, 1964), which is principally the weathering of volcanic glass 
and feldspars and is similar to that reported for New Zealand soils 
by Fieldes (1955, 1958, 1962), and Fieldes et al. (1981). The 
dominant clay mineral throughout the soils is halloysite-7A (Besoain, 
1964). 
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E. Cropping History of the Soils 
The utilization of Trumao and Red Volcanic Clay soils in 
prehispanic agriculture can be deduced from what Latcham (1936) 
said in his original work about precolombian agriculture "From the 
Maule River to the south, irrigation is rare or does not exist be­
cause rains are frequent". Also he observed a great number of 
edible products that the land produced spontaneously. Perhaps due 
to this reason, the Spaniards settled south of the Itata River, and 
the agricultural land was in the coastal mountain region. In con­
trast, the Indians of the interior consumed mostly natural products. 
In all of this region, the provinces of Arauco and Cautin, the lit­
toral was more densely populated between the sea and the Nahuel-
buta mountains, and the agricultural population was more developed 
than the population in the virgin forest of the interior. From Val-
divia to the South and on Chiloe island a large population was dedi­
cated to agriculture. 
The intensity of agriculture in the zone of Trumao and Red Clay 
soils also can be observed by the distribution of the population in the 
different regions of the country. According to Encina (1940-1952), cited 
by Gasto (1979), the population was distributed as follows: 
Aconcagua-Maule 90,000 persons; 
Maule-Bio Bio 200,000 persons; 
Bio Bio-Tolten 350,000 persons; and 
Tolten of Gulf of Reloncavi and Chiloe 430,000 persons. 
13 
Gasto (1979) cited several statements from authors of that period 
about the existence of advanced agriculture and animal husbandry in 
the south zone. 
Encina (1940-1952) wrote that Pedro de Valdivia at the middle of 
the XVI century said that "the land was prosperous in agriculture and 
animal breeds, similar to that in Peru", and mentioned crops like maize, 
potatoes, quinoa, dwarf, pepper (capsicum), and beans. Hurtado de Men-
doza in his travel to Reloncavi in the XVI century confirmed what was 
said by Valdivia, saying that even in southern latitudes the Indians sowed 
and had animals. 
Also, Gasto (1979) stated "The agricultural methods were simple and 
the yields per unit land were low and for that reason there was a need 
to make use of a greater area of habilitated soils." 
The arrival of Spanish soldiers and domestic animals, especially hor­
ses must have intensified the use of soils, particularly the red clay soils 
of the Araucania. 
According to Gasto (1979), another indirect indicator of the agricul­
tural expansion during the beginning years of the nation can be obtained 
through the amount of the tithe in agriculture paid at that time. 
Localitv 
La Serena 
Tithe 
7,328 
2,450 
24,485 
12,650 
3,000 
1555 to 1558 
Years 
Concepcion 1558 
Imperial^ 
Valdiva 
Osomo 
1552 to 1558 
1552 to 1558 
1558 
^Imperial represents what is now Region IX. 
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At the beginning of the XVII century the Spaniards were ex­
pelled to the north of the Bio-Bio river. It is possible that during 
this time agriculture diminished, not only because of the removal of 
the Spaniards, but also because of the decline of the Indian popula­
tion due to war and illness. 
The situation remained static until the beginning of the German 
settlement during the government of President Manuel Montt. Accord­
ing to Matthei (1939), cited by Gasto (1979), during the last century 
there were five colonizations of which four were in the Regions X 
and IX. 
Valdivia-Osomo 1850-1858 Region X 
Llanquihue 1852-1875 Region X 
Frontera 1882-1901 Region IX 
Chiloe 1895-1901 Region X 
All of this colonization intensified the habitation and use of new 
lands in these regions, especially the Trumao soils that were the 
least utilized. 
In the book Agrology of Le Feuvre published in 1877, the 
author made reference to the Trumao soils and he portrayed good 
knowledge about their agricultural properties and the way to manage 
them for agricultural use. He listed in a precise manner the limits 
of the Trumao soils including the "Frontera" zone that recently had 
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been colonized, and he noted that their primary agricultural produc­
tivity was for wheat, animal husbandry and timber. 
F. Defining the Fertilizer Response Equation 
The term "yield equation" is defined as the mathematical relation­
ship between total crop yield and inputs. In soil fertility studies 
the inputs are fertilizers. 
Liebig is generally credited with the first attempt to explain the 
relationships between levels of plant nutrients and growth. His "law 
of the minimum" attributed limits to plant growth to be the result 
of a single factor "in minimum" and related linearly to yield. Later 
Mitscherlich (1909) proposed a simple model to account for changes 
in yield associated with changes in external factors. Briggs (1925) 
was critical of Mitscherlich's approach and suggested a more compli­
cated model and emphasized nutrient interactions. Balmukand (1928) 
was not satisfied with the Mitscherlich function when applied to field 
data and critically tested the resistance formula. 
Various forms of equations have been proposed for characterizing such 
functional input-output relationship, as that reviewed by Mason (1956), 
Pesek and Heady (1958), Jensen and Pesek (1959a, b), Nelder (1966), 
Abraham and Rao (1966), Anderson (1967), Colwell and Esdaile (1966, 
1968), Colwell and Stackhouse (1970), Colwell (1972), Cady and Allen 
(1972), Cady (1974) and Mombiela and Nelson (1981). 
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Mombiela and Nelson (1981) compared the relationship among 
some biological and empirical fertilizer response models working with 
one nutrient as follows: 
1. Mitscherlich equation 
y = A [l-e-'M] 
or 
In(A-y) = In A - 0 (x+d), 
where y is the yield obtained with x units of nutrient added as fer­
tilizer, A is the maximum asymptotical yield, c is the fertilizer ef­
ficiency factor, and d is the nutrient equivalent unit in the soil. 
2. Linear inverse polynomial of Nelder (1966) 
y = x + d 
bo + bi (x+d) 
where bo = 1 and bi = 1 
3A2 Â 
3. Balmukand's resistance formula (1928) 
1 = 1 + a 
y "X" x+d 
4. Quadratic model 
y = bo + bix - b2x^. 
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They show that using different biological assumptions concerning the 
relationship between dy/dx and A-y one can derive several of the 
traditional fertilizer response models. Abraham and Rao (1966) 
worked with data from 107 factorial experiments testing the effect of 
variations in the level of nitrogen and phosphorus on wheat and 
paddy rice in India and looked for the appropriate response function 
by studying five response functions; Mitscherlich, resistance formula, 
Cobbs-Douglas, quadratic, and square root formula for two nutrients. 
1. The Mitscherlich-Baule function, 
Y = a [1 - [1 -
where a is the maximum yield and x and z are the factors or 
nutrients under study. The constants c and k measure the impor­
tance of the factors to the crops. The constants b and d measure 
the equivalent amount of nutrients available to the crop in the unfer­
tilized soil. 
2. The generalized Cobb-Douglas function, 
y = a(x+b)^ (z+d)®. 
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This function cannot account for declining yield with increased doses 
of nutrients. As the doses of fertilizers increase, the yield increases. 
The constants b and d measure the soil content of the factors under 
study. The constants c and e are called elasticity coefficients and 
measure the importance of the factors for the crop. The other fac­
tors or constants have the same meaning as in equation 1. 
3. Maskell resistance formula, 
1 = a + b + d 
y x+c z+ë . 
This formula was studied by Balmukand (1928). This expression, 
like Mitscherlich's, assumes that one factor acts independently of the 
other, but it fixes the differences of reciprocals of yields (1/y - 1/y) 
as constants. The constants c and e represent the amounts of avail­
able nutrients in the unfertilized soil, and b and d measure the im­
portance of the nutrients to the crop. This surface also does not 
account for declining yields with increasing doses of fertilizer. 
4. Quadratic response surface, 
2 2 y = a + bx + cx + dz + ez + fzx. 
The yield is a constant "a" when the level of the factors x and 
z are zero, b and d are the linear effects, c and e are the quad­
ratic effects, and f represents the interaction effect of the two factors. 
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5. Quadratic square-root transformation formula, 
y  =  a  +  b V x  +  c x  +  d V z  +  e z  +  f  " ^ z x .  
From their study it was found that due to the general absence 
of interaction between the factors all the different surfaces could be 
fitted to the data from only nine experiments. In the rest of them, 
the quadratic surface could be fitted. This surface gave an adequate 
fit in more than 85 percent of the experiments. The fitted surface 
removed more than 80 percent of the yield variation in about 70 per­
cent of the experiments. Among the other functions, the resistance 
formula gave a uniformly better fit when an interaction was present. 
It was found that the estimates of the nutrients available in the soil 
by the Mitscherlich and the resistance formula were close to each 
other, but those by the Cobb-Douglas function were extremely low. 
G. Analytical Methods for Estimating Available Nitrogen and Phosphorus in 
Different Volcanic Ash Soils 
Tejeda and Gogan (1970) worked with pot experiments and used 
ryegrass as the plant indicator in order to determine the nitrogen up­
take and the relationships of this uptake with the nitrogen determined 
by eight different techniques: aerobic and anaerobic incubation includ­
ing separate determination of initial N, incubation and sum of both 
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fractions of the inorganic N; extractable N; initial NO3-N; initial NH4 
N in soil extract; total N; organic matter; and C/N ratio. The 
criterion used for evaluation was the simple correlation between avail­
able N by these methods and N absorbed by the ryegrass. 
Total N (NO3' + NO2" + NH4'*') from aerobic incubation gave 
the highest r value, r = 0.943**. High correlations were obtained 
with the initial and incubated fraction of N (NO3' + NO2" + NH4"*') 
and extractable N with correlation coefficients of r = 0.877**, r = 
0.806** and r = 0.845**, respectively. 
Tejeda (1970) also studied the association between nitrogen 
mineralization rate and some selected chemical characteristics like avail 
able P, log extractable Al, and pH of Trumao and Non-Trumao 
soils. He determined that pH was not significantly correlated with 
N mineralization in the Trumao soils, but total N and extractable Al 
were the two variables that showed a direct association with 
mineralization. The negative effect of extractable Al upon mineraliza­
tion rate, according to Tejeda (1970), may be due to formation of a 
stable complex between organic matter and the highly reactive 
aluminum from the allophane in the Trumao soils. For the method 
of measuring available phosphorus, Araos (1971) compared five dif­
ferent methods; Olsen (0.5 M NaHC03, pH 8.5), Bray No. 1 (0.03 
N NH4F in 0.025 N HCl), Bray No. 2 (0.03 N NH4F in 0.1 N 
HCl), Truog [(NH4)2S04 in 0.002 N H2SO4, pH 3], and North 
Carolina (0.05 N HCl in 0.025 N H2SO4, pH 3) as to their 
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reliability in estimating P availability in different soils. Simple cor­
relation coefficients were calculated between the wheat response to P 
in field experiments and the logarithms of the amounts of P ex­
tracted by each method. Eleven experiments were carried out on 
red soils, 11 on the trumao soils, and 11 on miscellaneous soils. 
In the Trumao soils, the simple correlation coefficient values were at 
least r = -0.70 except with the Bray No. 1 method that resulted in 
r = -0.31. When all the soils were grouped together, the Olsen 
method had the highest correlation, r = -0.68. It was concluded 
that the Olsen method was more reliable than the other methods in­
cluded in the study for that particular group of soils. Rodriguez 
and Araos (1970), Rodriguez et al. (1974), and Rojas (1976) have 
similar results. 
22 
m. MATERIALS AND METHODS 
A. Description of the Area Under Study 
The area is located in the south of Chile between latitude 37° 
and 39° south. This is Region IX of Araucania. It has a surface 
of 32,471.2 km^, representing 4.3% of the total land surface of the 
country including the Antarctic, and 11.4% of the arable land. 
B. Geomorphology of the Area 
Region IX can be subdivided into three main units. These units 
were developed parallel to the coast, and the formation of this land 
form seems to have ended at the end of the Tertiary (Hofftetter, 
Fuenzalida and Cecioni, 1957). 
The formations are: 
1) The Coastal Mountain Range; 
This unit commonly called "Cordillera de la Costa". 
2) The Central Valley; 
a) Depression zone, 
b) Andes piedmont or "precordillera" forms a transition zone 
between the Central Valley and the Andes, and the topography 
is rolling. 
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3) The Andean Mountain Range; 
The Andes mountains in this region have a mean altitude of 
2000 m; nevertheless, there are some volcanoes of 3000 m or 
more up to the highest altitude of 3717 m such as the vol­
canoes Tolguaca, Lonquimay, Llaima, Villarrica and Lanin. 
Due to the vicinity of the active volcanoes the major soils 
have volcanic ash as their parent material. 
C. Groups of Soils Used in this Study 
For the purpose of this study the soils are divided into three 
groups: 
Group 1; Trumaos of the piedmont, foothill region or precordillera; 
Group 2: Trumaos of the flat, lowlands or central valley; 
Group 3: Red volcanic clay soils of the central valley and coastal 
mountain range. 
Groups one and two are analyzed together, and group three is 
analyzed separately. 
D. Field Experiments 
Sites were selected to represent the main existing soil series of 
the area belonging to the orders; Inceptisols, Alfisols and Ultisols 
mostly represented by the following great soil groups; Dystrandepts, 
Palexeralfs, Rhodoxeralfs and Palehumults. 
24 
Within the region of experimentation, major emphasis was placed 
on selection of combinations of soil and management factors, which 
eventually would influence the yields and the response to fertilization. 
Preliminary soil analysis helped in the selection of sites with 
defined levels of available nutrients. The selected sites had the 
same crop sequence, which included the accepted rotation in the area, 
in order to minimize the effects of previous crops or management of 
the fields. 
Each experimental site was identified by a three digit number; 
the first digit represents the soil group and the second and third 
digits identify the experimental site within each group of soils. 
A basic N by P incomplete factorial in a completely randomized 
block design with two or three replications was used for experiments 
established within the area during ten cropping seasons in order to 
study the response of wheat to N and P fertilizers. Potassium was 
not included because previous investigations had indicated that very lit­
tle or no yield increases to K applications may be expected for 
wheat on these soils (Letelier, 1961). The rates and combinations 
of N and P used in all the field experiments are shown in Table 
1. At each site 26 or 39 plots, divided into two or three blocks 
of 13 treatments, were installed. 
The rate combinations for applied N and P were derived from 
the incomplete factorial design of a double square for two factors at 
5 levels of each factor (Cady and Laird, 1973). The design, which 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
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Treatment combinations for N and P rates applied to the 
wheat experiments on soils of groups 1, 2 and 3 
Rates of fertilizers, kg/ha 
Coded Levels Groups 1 and 2 Group 3 
N P N P P2O5 N P P2O5 
-2 -2 0 0 0 0 0 0 
-2 0 0 88 200 0 70 160 
-2 +2 0 176 400 0 140 320 
-1 -1 50 44 100 64 35 80 
-1 +1 50 132 300 64 105 240 
0 -2 100 0 0 128 0 0 
0 0 100 88 200 128 70 160 
0 +2 100 176 400 128 140 320 
+ 1 -1 150 44 100 192 35 80 
+1 +1 150 132 300 192 105 240 
+2 -2 200 0 0 256 0 0 
+2 0 200 88 200 256 70 160 
+2 +2 200 176 400 256 140 320 
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is a modification of the second order central composite design for 
two variables (Cochran and Cox, 1957), has; 
a) all the points along each variable equally spaced, and 
b) an outer square has been added with coordinated (+ 2, ±2), 
which is referred to as the "Double Square Design Configuration". 
According to Tejeda (1973) the Double Square has greater 
precision to estimate the intercept and notably the interaction term; it 
is equal to the central composite design for estimating the linear 
term, and it is slightly inferior for estimating the quadratic term. 
The outer treatments (+ 2, + 2) were included in order to have 
a measure of yields on the unfertilized plot or zero treatment yield, 
of the yield responses to the maximum rates of each fertilizer 
nutrient in absence of the other, and of yields from both nutrients ap 
plied together at maximum rates. These field experiments were also 
intended to be used for calibrating soil test analyses. 
E. Field Activities 
It is a dry land farming area of rolling typography where wheat 
is grown in rotation with rape, oats and pastures that in some cases 
can be natural pastures. 
At each site a complete soil description was made and composite 
samples of the A horizon were taken in each block to study their 
chemical characteristics. Soil preparation was done by the farmers, 
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but in some cases the use of small machinery was necessary to com­
plete the soil preparation. Each plot was seeded in 0.20 m spaced 
rows using a Planet Jr. machine in a plot measuring 1.6 by 6 m. 
Sowing took place from May to early August. A late sowing date 
is not recommended, but it was included in part of the experiments 
to quantify its depressing effect on yields. The wheat varieties used 
were Capelle Desprez, an introduction from the Netherlands (Gebeco-
Rotterdam), these were sown at a rate of 120-160 kg of seed per 
hectare. The fertilizer corresponding to each plot was weighed pre­
viously. The P as concentrated superphosphate (45% P2O5), was ap­
plied and distributed evenly by hand in the bottom of each seed 
row prior to the distribution of the seed. The N fertilizer, as 
sodium nitrate or Chilean nitrate (16% N), was broadcast over the 
plot, one third at seeding time and the rest early in spring at tiller­
ing or shortly after. Weeds were completely controlled during the 
whole growing period by chemicals and cultural practices. 
Five meters of the five central or inner rows of each plot were 
harvested, making a total harvested area of 5 square meters. Har­
vest was done by hand and yield was expressed in kilograms per hec­
tare of wheat at 14% moisture. 
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F. Laboratory Determinations 
The 0-20 cm composite soil samples of each block were analyzed 
for N, P, K, pH and organic matter. Nitrogen was determined by 
the aerobic incubation technique proposed by Bremner (1965) and 
studied by Tejeda and Gogan (1970) and Tejeda (1970). Available 
P was determined by the method of Olsen et al. (1954) as proposed 
by Araos (1969, 1971). Potassium was determined as exchangeable 
K as described by Pratt (1965). Soil pH was measured using glass 
electrodes in a soil water suspension with a soil to water ratio of 
1:2.5. Organic matter content was measured using the Walkley and 
Black procedure (Allison, 1965). 
G. Statistical analysis 
1. Individual analysis of each experiment 
The statistical design selected for the individual experiments was 
a central composite design plus four treatments. The data of 76 in­
complete factorial experiments testing the effect of variations in the 
level of soil and applied N and P on the wheat yield were studied 
and analyzed. 
The mean yield for all treatments of these experiments are given 
in Appendix Tables Al, A2 and A3 for soils of groups 1, 2 and 
3, respectively. 
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Analysis of variance was performed for each individual experiment 
to evaluate differences in wheat grain yields due to treatment effects, 
as a first step to further analysis. 
In order to ascertain more fully the effect of treatments on 
yields the average plot response to applied N and P was analyzed 
by regression using quadratic and square root functions. 
2. Combined analvsis 
A combined analysis of variance over all experiments for each 
year was calculated for grain yields. 
3. Selection of factors affecting the check vield 
According to the methodology proposed by Voss and Pesek (1962, 
1965), the magnitude of the check yield determines to some extent 
the response to fertilizer. The determination of the effect of the un­
controlled factors on check yields should help to explain variation in 
total yield obtained with applied fertilizer. 
The uncontrolled factors in these studies were values of soil 
analysis, i.e., initial N (Ns), soluble P (Pg), exchangeable K (Kg), pH 
and organic matter (OM). 
The general procedure proposed for determining the factors that af­
fected check yield was performed in- three steps. The check yields 
were plotted against each factor to determine by visual inspection the 
possible relationships. 
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The second step involved the calculation of the simple linear cor­
relation between check yields and values of the soil analysis. 
The third step involved calculating a multiple regression equation 
with the values of soil analysis as independent variables and check 
yields as the dependent variable. Factors which did not attain a 
probability level of 0.30 for the linear correlation or in the multiple 
regression relationship were deleted from further consideration. By 
this procedure we defined all the factors that will be included in 
the yield equation. 
4. Construction of the vield equation 
All the regression analyses were done using the average plot 
yields from the corresponding two or three replications for each treat­
ment combination at each size. 
The general form of the regression model for the quadratic func­
tion of two variables that was used is: 
Y = bo + biNf + bzNf^ + bgPf + b4Pf^ + bsNfPf 
where Y is the estimated yield, bo is the intercept, bi and b3 are 
the linear effects, hi and b4 the quadratic effects of the factors Nf 
and Pf, respectively, and bs represents the interaction effect of the 
two factors. 
All the symbols, descriptions, and units of the variables used in 
this study are given in Table 2. 
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Tables 2. Symbols, description, and units of the variables used in 
this study 
Symbol Variable and description 
EXPNO Experiment number coded as a 3-digit number 
GROUP Number of the soil group, the first digit of EXPNO 
EXP Number of the experiment within each group, the second and third digit 
of EXPNO 
YIELD Wheat yield, kg/ha 
Nf Rate of applied N, kg N/ha 
Pf Rate of applied P, kg PzOg/ha 
Nf^ Rate of applied N, quadratic effect 
Pf^ Rate of applied P, quadratic effect 
NfPf N x P interaction of applied fertilizer 
Ns Soil test N, ppm 
Ps Soil test P, ppm 
Ks Soil test K, ppm 
PH Soil pH in water, 1:2.5 ratio 
VpH Soil pH, square root 
OM Organic matter percent 
Ns^ Soil test N, quadratic effect 
Ps^ Soil test P, quadratic effect 
pH^ Soil pH, quadratic effect 
OM^ Organic matter, quadratic effect 
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IV. RESULTS AND DISCUSSION 
A. Individual Analysis of Each Experiment 
The data of factorial experiments testing the effect of rates of ap­
plied N and P on wheat yields in south-central Chile were studied 
and analyzed. 
1. Analysis of variance 
An analysis of variance for grain yield was calculated for each 
experiment in order to determine treatment effect. Values of the 
mean squares and significance levels are given in Table 3 for soils 
of groups 1 and 2 and in Table 4 for soils of group 3. 
Treatments significantly affected wheat grain yields in 93.5% of 
the experiments and had no significant effect in 6.5% of the experi­
ments on soils of groups 1 and 2. Among the three experiments 
that did not respond to treatments, experiment 124 had a high soil 
nutrient content. 
For group three 90.5% of the experiments were affected by treat­
ments, and in 9.5% there was no treatment effect. For the four ex­
periments that did not have a significant treatment effect, experiments 
310, 311 and 319 had high soil test values and experiment 302 had 
a very high coefficient of variation. 
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Table 3. Analysis of variance for the effect of N and P treatments 
on wheat yields (kg/ha) for each experiment from soil 
groups 1 and 2^ 
Source of variation 
EXP. 
No. 
Blocks Treatments Error C.V. 
% df Mean square df Mean square df Mean square 
101 2 20.6337 8 167.4248*** 16 17.6379 9.47 
102 2 2.4915 8 225.23265*** 16 12.9019 6.24 
103 2 160.4470 8 170.3393 16 36.1520 14.66 
104 2 53.6226 8 207.3715** 16 21.8938 7.09 
105 2 12.3211 8 63.7483** 16 15.4944 7.74 
106 2 26.5970 8 31.1612*** 16 10.0879 6.00 
107 2 26.1670 8 228.7168*** 16 27.0137 9.17 
108 2 2.7300 8 311.6517*** 16 28.4029 13.32 
113 2 75.8879 12 609.0888*** 24 13.4332 9.77 
115 1 1.7889 12 61.4962*** 12 2.8644 11.59 
121 1 115.9235 12 126.8212*** 12 20.9558 17.36 
122 1 0.5554 12 197.8284*** 12 14.1118 11.53 
123 1 9.2404 12 207.7824*** 12 8.4062 6.87 
124 1 0.0499 12 38.6665++ 12 21.0755 23.52 
125 1 57.0096 12 548.3750*** 12 15.1588 9.29 
126 1 263.6862 12 184.8406 12 16.8289 8.38 
127 1 134.3388 12 154.1683*** 12 8.7822 10.96 
128 1 33.5847 12 74.2318* 12 18.9629 13.94 
129 1 0.0842 12 39.7612*** 12 3.1500 7.18 
130 2 18.1003 12 189.0642*** 24 9.8980 8.82 
131 2 16.0556 12 150.5970*** 24 9.7929 8.57 
132 2 9.3803 12 200.2901*** 24 9.3347 10.09 
133 2 62.6436 12 98.0496** 24 27.2911 17.30 
134 2 2.8939 12 120.2881*** 24 12.8186 13.74 
135 1 12.8804 12 134.9247*** 12 14.9429 16.02 
136 1 31.9015 12 82.1372*** 12 9.7182 13.96 
137 1 29.2985 12 135.4188* 12 33.4401 22.93 
138 2 88.7990 12 318.8871*** 24 26.1886 10.94 
139 2 205.1625 12 299.6014* 24 54.2897 19.69 
^ The symbols indicating significance levels used throughout this 
dissertation are as follows: ***0.001 prob. level; ** 0.01 prob. 
level; *0.05 prob. level; +++0.10 prob. level; ++0.20 prob. level; 
+0.30 prob. level. 
No. 
202 
203 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
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(Continued) 
Source of variation 
Blocks Treatments Error C.V. 
% df Mean square df Mean square df Mean square 
2 89.4725 12 402.7542*** 24 15.1803 9.76 
1 28.2465 12 193.3588*** 12 4.0749 4.58 
2 40.6541 12 211.1022*** 24 20.0816 18.17 
1 0.0228 12 195.2087*** 12 6.6069 9.56 
2 53.7377 12 262.2410*** 24 5.5444 8.30 
1 12.3235 12 355.0930*** 12 8.2393 6.30 
2 70.6972 12 438.3510*** 24 13.1513 12.49 
2 11.0792 12 281.5871*** 24 6.0837 10.90 
1 15.2312 12 322.0570*** 12 11.1687 12.01 
2 47.5254 12 601.4636*** 24 6.0971 10.61 
1 0.1388 12 261.2903*** 12 6.0147 5.99 
2 2.4310 12 520.0375*** 24 12.2674 14.20 
2 3.9049 12 323.9486*** 24 11.0463 6.73 
No. 
301 
302 
303 
304 
305 
306 
307 
308 
310 
311 
312 
315 
316 
317 
318 
319 
320 
321 
322 
323 
326 
329 
330 
311 
332 
333 
334 
335 
336 
337 
338 
339 
340 
341 
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Analysis of variance for the effect of N and P treatments 
on wheat yields (kg/ha) for each experiment from soil 
group 3 
Source of variation 
Blocks Treatments Error C.V. 
df Mean square df Mean square df Mean square % 
2 170.9503 12 239.5403*** 24 47.8704 27.29 
2 105.2919 12 153.9468* 24 62.1149 36.69 
2 55.6308 12 249.4464*** 24 18.9359 13.64 
2 19.7060 12 115.8371*** 24 24.8920 19.57 
2 73.8371 12 289.0239*** 24 28.6633 17.88 
2 160.6406 12 364.1186*** 24 66.6224 23.84 
1 47.3040 12 129.9601*** 12 10.4951 8.26 
1 115.6280 12 94.0334** 12 17.3715 16.27 
1 40.2011 12 80.3784+ 12 35.8221 23.23 
1 43.1119 12 67.3489+ 12 26.9215 13.51 
1 57.5737 12 90.1949*** 12 6.9002 14.03 
1 5.2560 12 74.5411*** 12 5.3795 17.88 
1 214.1594 12 200.8808*** 12 6.9573 18.25 
1 142.8340 12 79.1278*** 12 5.6178 10.03 
2 2.6208 12 157.3802*** 24 18.3595 14.37 
2 18.3745 12 38.3498 24 42.4533 15.94 
2 206.8756 12 453.4468*** 24 42.5767 18.83 
2 29.8909 12 64.6095** 24 16.8087 39.29 
2 14.7681 12 232.0705*** 24 22.2085 12.03 
2 16.8615 12 103.4530** 24 38.1682 36.05 
2 27.7836 12 51.8632* 24 20.0468 17.70 
2 73.6587 12 123.3113*** 24 6.7577 19.29 
2 26.8852 12 164.8862*** 24 24.4502 25.58 
2 127.8100 12 128.7885*** 24 18.4562 24.84 
2 43.4774 12 562.3000*** 24 24.3838 20.41 
2 48.4602 12 312.3705*** 24 7.1131 10.87 
2 243.0855 12 663.5277*** 24 44.5754 18.48 
2 2.1250 12 140.4653*** 24 23.8877 19.40 
2 53.6591 12 56.9080* 24 22.4637 24.38 
2 263.8977 12 302.6240*** 24 29.6138 20.61 
2 101.6604 12 104.4009*** 24 5.0767 11.29 
2 47.7994 12 374.8691*** 24 44.6620 22.07 
2 149.0564 12 264.6890*** 24 22.9710 24.02 
2 0.2789 12 777.5898*** 24 12.2785 8.82 
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2. Regression analysis of individual experiments 
In order to better understand the effect of treatments on yields, 
regression analysis was applied to the average yield data for each 
treatment of each experiment. 
Two models, the quadratic and square root functions, were used 
in the analysis. Regression coefficients and significance levels are 
presented in Tables 5 and 6 for soils of groups 1 and 2 and in 
Tables 7 and 8 for soils of group 3. The coefficient of multiple 
determination (R^) attained for each function for each experimental 
site is presented in Table 9 for soils of groups 1 and 2 and in 
Table 10 for soils of group 3. 
These tables indicate that both functional models attained similar 
R values with differences less than 5% in 83% of the experiments 
on soil groups 1 and 2 and in 92% of the cases of the experi­
ments of soil group 3. Only in 8% of the total number of experi­
ments did the square root yield an R^ that was 5% greater than 
the quadratic model. Considering this and the reduction in mean 
square, the quadratic model was selected for building the final equa­
tion for both groups of soils. 
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Table 5. Regression coefficients and statistical significance values for 
the quadratic model fitted to the average yield response to 
N and P treatments for soils of groups 1 and 2 
Exp. 
No. 
bo bi 
(Nf) (N^) 
b3 
(Pf) (Pf^) 
b5 
(NfPf) 
101 2608 8.5213** -0.099 7.3678*** -0.100* 0.076 
102 4052 12.1163*** -0.322** 7.7224*** -0.131*** 0.085 
103 2202 12.4309** -0.430** 7.6726*** -0.076* 0.057 
104 4289 13.6520* -0.417 10.6903** -0.140* 0.045 
105 3562 5.2460* -0.026 8.8587*** -0.110 -0.089* 
106 4421 12.3475*** -0.383*** 0.9095 -0.004 -0.011 
107 3558 9.5519 -0.245 10.5688** -0.126 0.021 
108 2016 6.3197 -0.059 9.7598*** -0.185** 0.249** 
113 1284 12.0104** -0.497** 16.1338*** -0.258*** 0.195 
115 540 3.7264 -0.192* 7.1725*** -0.110*** 0.042 
121 1525 -0.0727 0.002 8.2126* -0.092 0.029 
122 1831 2.6774 -0.165 9.8623*** -0.091* 0.002 
123 2624 4.3164 -0.212 10.9768*** -0.134* 0.061 
124 1107 6.0753 -0.249 5.4878** -0.084* 0.009 
125 1848 -1.8768 0.113 16.8373*** -0.143 -0.066 
126 3125 6.5627 -0.161 10.5591*** -0.134* 0.034 
127 1290 1.9431 -0.076 12.9751*** -0.178** -0.079 
128 1998 6.5736 -0.262 10.0097 -0.177* -0.018 
129 2107 0.4379 -0.082 3.9947** -0.021 -0.112* 
130 2025 1.5074 0.130 13.9523*** -0.190** -0.214* 
131 2429 4.7511 -0.221 9.6441*** -0.139*** 0.009 
132 1399 9.9062* -0.381* 14.0753*** -0.216*** -0.132 
133 2156 9.3612 -0.476 6.0191 -0.074 -0.042 
134 1523 2.9406 -0.033 11.6853*** -0.166** -0.238* 
135 1323 6.2257 -0.400 7.6807* -0.072 -0.005 
136 1413 2.9470 -0.140 10.2763** -0.147* -0.208* 
137 1481 3.0004 -0.217 6.8723* -0.116 0.126 
138 2928 18.8902** -0.677* 3.6572 -0.027 0.167 
139 2494 8.1636*** -0.169* 1.5232 -0.029 0.281*** 
^b2, b4 and bs have been multiplied by 10. 
Exp 
No. 
202 
203 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
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5. (Continued) 
bo bi b2 b3 b 4 .  b5 
(Nf) (NA (Pf) (Pf^) (NfPf) 
2248 22.3165*** -0.566** 3.3424* -0.090 0.146* 
2575 17.1419** -0.627* 8.5352 -0.148* 0.143 
1466 -4.3267 . 0.100 11.9280** -0.213 0.101 
988 15.5148* -0.626 10.1278* -0.205* 0.172 
1378 5.4085 -0.160 8.1942** -0.143** 0.204** 
2323 0.2937 0.58 10.9861*** -0.272*** -0.016 
1241 9.5896 -0.293 6.9639 -0.122 0.283* 
777 14.8214*** -0.405** 3.5063 -0.077** 0.200*** 
786 14.0125** -0.311 7.3991** -0.151* 0.261** 
227 22.5876** -0.883** 7.2680* -0.160* 0.373** 
2060 11.0567* -0.404 11.9891*** -0.196** 0.168* 
733 13.1820* -0.006 1.6510 -0.039 0.164* 
2957 6.1914 -0.166 15.6920*** -0.229*** -0.068 
No. 
101 
102 
103 
104 
105 
106 
107 
108 
113 
115 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
202 
203 
207 
208 
209 
210 
211 
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6. Regression coefficients and statistical significance values for 
the square root model fitted to the average yield response 
to N and P treatmets for soils of groups 1 and 2. 
bo hi 
Nf 
b3 
•VPf 
b4 
Pf "VNfPf 
2594 8.7640 5.6406+++ 81.6088* 0.6988 2.3113++ 
4105 60.0480+++ 1.2319 82.2671** -1.6339++ 2.5999* 
2187 106.3320** -3.5689++ 58.9637* 1.7028 1.6467++ 
4292 82.2398 -0.1280 108.5498+++ -0.0731 0.9480 
3540 31.5266 2.3275 103.7470* -0.6673 -1.9330+++ 
4411 117.5233** -3.3283+++ -0.4139 0.7375 -0.2341 
3574 38.1775 1.9041 105.9478+++ 0.3484 0.7041 
2167 -56.8667 8.2671* 85.7488* -2.1260+ 7.2239** 
1378 68.9644** -3.5902* 176.5399*** -3.1607** 6.1696*** 
520 64.9032++ -4.6738++ 91.8785* -1.7089+ 0.5232 
1353 9.3156 0.3409 96.8169+++ 0.3702 0.5277 
1862 16.8510 -1.9033 77.8663+++ 2.4006 0.2098 
2655 29.9794 -2.6170 109.2950** 0.0238 2.3789++ 
1165 51.8601 -2.7772 56.6335++ -0.7764 0.6546 
1970 -23.5020 0.5628 109.2726++ 5.1685++ 0.1351 
3117 34.9251 1.1868 93.9752+++ 0.8049 0.5794 
1143 63.9283 -3.7038 176.5453*** -2.5328++ -2.2952++ 
1997 85.0386++ -5.2525++ 149.0617** -4.6547* 0.5423 
2116 40.0171 -4.1395++ 33.3078+ 1.4600+ -2.5657+++ 
1841 25.8930 2.7145 219.1287*** -4.0151* -5.8670** 
2425 66.8484+++ -4.4985+++105.6069** -1.1509 0.5686 
1307 138.7225** -7.5212* 216.5268*** -5.1635** -2.8538+++ 
2174 153.9515+++ -11.6520* 67.7321+ -0.7247 0.2157 
1352 88.4686+++ -3.5454 192.9559*** -4.1431* 6.2551** 
1239 121.1676+++ -10.1383** 82.0866+++ 0.7964 0.0161 
1270 100.2592+++ -6.8056+++108.8985** -4.3782* -5.0378* 
1454 34.3152 -3.1898 68.3973 -0.8099 2.5569 
3000 143.3722+++ -4.7183 -17.5334 3.2810++ 4.6118+++ 
2580 -15.0680 5.6341++ -40.6347+ 2.4351++ 6.8202** 
2231 111.9968* 3.5371+ 59.4238+++ -3.0315+++ 3.4960* 
2710 80.8902 -1.5333 97.2326+++ -2.3775 4.4218+++ 
1563 -115.2538++ 5.307 163.2855* -4.5427++ 2.8098 
1160 82.5149+ -4.2653 144.3032** -5.8208* 6.4484* 
1582 -25.7891 2.8796 50.7020++ -0.5187 6.5133** 
2254 -23.5346 3.1451++ 239.1269*** -3.2370* -0.5398 
1491 -95.2881 8.9344++ 67.9720 -2.3156 9.3657* 
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Table 6. (Continued) 
Exp. 
No. 
bo 
?Nf 
b2 
Nf 
b4 
Pf \NfPf 
212 915 18,6389 4.6771+++ 17.0649 -0.6440 6.0463* 
213 1005 65.8123 1.4173 -18.1266 2.3573 9.0146* 
214 449 75.6018+ -1.8233 70.0681++ -3.1196++ 11.4568*** 
215 2258 -100.1580 9.9891+ 235.3426* -8.6384+++ 4.0970 
216 733 -74.7069+ 18.4482** 33.5052 -1.3987 3.8669+++ 
217 2883 78.4399 -2.1497 184.7806** -1.8617 -2.4744+ 
41 
Table 7. Regression coefficients and statistical significance values for 
the quadratic equation fitted to the average yield response 
N and P treatments for soils of group 3 
Exp. bo bi b2\ b3 b 4 - b5 
No. (Nf) (Nn (Pf) (pA (NfPf) 
301 1105 17.7126* -0.512* 2.0237 -0.025 0.112 
302 765 14.3598* -0.373 7.5548 -0.184 -0.001 
303 1597 15.5171* -0.458* 6.5458 -0.141 -.132 
304 1515 10.8980** -0.3172* 3.8390 -0.105 0.116* 
305 1517 14.2484** -0.469** 6.1835* 0.176* -0.263* 
306 1201 10.7778 -0.238 13.9285* -0.276 0.111 
307 2611 8.3946* -0.207 5.7389 -0.121 0.154 
308 1553 3.6029 -0.077 8.3011* -0.224* 0.145 
310 1484 13.7475* -0.442 5.3802 -0.110 0.10 
311 3216 1.4429 -0.063 0.9436 0.044 0.133* 
312 1044 3.1810 -0.046 5.1207 -0.161 0.172 
315 519 1.4713 0.004 4.2288 -0.110 0.165* 
316 335 3.4804 -0.138* 3.6772* -0.073 0.348*** 
317 1400 4.9247* -0.136 6.3371* -0.168** 0.159** 
318 1878 13.9822** -0.471** 1.6688 -0.019 0.151 
319 3907 -1.3397 0.044 0.6488 0.071 -0.073 
320 1568 14.9436* -0.434 9.0513 -0.230 0.270 
321 396 4.4916* -0.137 4.1317* -0.122* 0.116* 
322 2004 27.1936*** -0.7813* 4.5192 -0.012 -0.135 
323 864 -0.7477 0.067 7.4983* -0.087 -0.040 
326 2105 13.7037* -0.506* -1.1477 -0.083 -0.072 
329 315 15.0060*** -0.414*** 0.7346 -0.022 -0.061 
330 509 14.6903** -0.471** 6.0158 -0.126 -0.096 
331 509 10.4428* -0.309 6.7041 -0.134 0.056 
332 558 9.2401 0.034 2.1436 -0.054 0.182 
333 752 18.8895** -0.556** 5.4109 -0.140 0.180 
334 1176 24.5059*** -0.554** 6.9834 -0.206 0.177 
335 1612 12.7288** -0.385* 1.3267 -0.072 0.153 
336 1397 4.1151 -0.092 0.0228 0.007 0.107* 
337 1029 14.6319* -0.426 6.1126 -0.141 0.188 
338 1078 13.3423*** -0.356 1.4875 -0.057 0.046 
339 1162 24.9691*** -0.679*** 3.8539 -0.119 0.113 
340 398 14.9239** -0.379* 7.7882* 0.224* 0.136 
341 1507 25.0763*** -0.779** 11.6766* -0.374** 0.401* 
^b2, b4, and bs have been multiplied by 10. 
No. 
301 
302 
303 
304 
305 
306 
307 
308 
310 
311 
312 
315 
316 
317 
318 
319 
320 
321 
322 
323 
326 
329 
330 
331 
332 
333 
334 
335 
336 
337 
338 
339 
340 
341 
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8. Regression coefficients and statistical significance values for 
the square root model fitted to the average yield response 
to N and P treatments for soils of group 3 
bo bi b2 b3 b4 bs 
(VNf) (Nf) (VPf) (Pf) (VNfPf) 
920 199.9523+++ -6.7116+ 33.1529 0.0106 1.7261 
874 184.1562+++ -7.0337++ 43.6709 -1.3025 1.2366 
1624 195.9979** -8.5920* 30.2336 -0.0546 4.3179* 
1559 104.0003** -3.8051* 31.5977+ -1.4838+ 3.5049** 
1748 111.8445+++ -5.3282++ 7.2031 -0.5181 8.0960** 
1479 -10.7410 4.5074 113.4719 -1.6735 4.1458 
2764 38.1926+ -0.0408 26.0296 -0.2607 5.3130** 
1677 -10.5798 1.6788 80.8234+ -3.6984+ 4.6552+++ 
1510 188.1672+++ -9.2316++ 41.2755 -0.6427 0.8195 
3306 -6.6014 0.0688 -69.9096+++ 5.9979** 3.6532* 
1146 -39.4428 3.9587 57.1043 -3.4238 5.0561+++ 
560 -46.6367+ 4.1574+++ 40.4126+ -1.6581 4.5534** 
507 -36.9159+ 1.7441+ -43.3212++ -3.3233** 9.5829*** 
1432 25.4764 -0.1094 53.6638++ -1.9440 4.0881** 
1972 157.0935** -8.2659** -25.9132 1.8675+ 5.0615** 
3760 6.8350 0.2124 -4.4648 3.8466+++-3.2070** 
1683 124.8782+++ -4.6313+ 67.5516+ -2.7041 8.4193** 
445 12.0483 0.1971 47.5028++ -2.3658++ 3.0687** 
1959 369.1717** -15.4351** 21.5578 2.6218 -2.7438 
819 -9.9491 1.6788 60.2338 1.5728 -1.1977 
2001 269.9313** -15.1495** -56.3444 4.7726++ -2.3558 
313 161.7364** -5.3641* -5.1377 0.2658 1.6249+ 
642 181.4854** -8.7217* 25.4098 0.2790 3.1741++ 
571 122.1170++ -5.2128+ 39.2880 -0.0148 2.1197 
592 -29.5942 12.2688** 31.6963 -1.7522 4.5621* 
861 177.2782* -6.7139+++ 33.8847 -1.4486 5.7441* 
1342 121.5274+ 2.7738 80.0413 -4.3261 5.3863++ 
1749 103.5955+++ -3.9765++ -6.3685 -1.1305 4.9409* 
1501 -6.9964 1.7805+ -27.7012+ 1.4165 3.3776** 
1097 112.0420 -3.6516 62.2198 -2.2421 5.8344 
1067 144.1232 -4.5378 20.5402 -1.5337 1.3361 
1319 220.5299 -6.4489 26.9811 -2.0356 4.1520 
405 106.9022 -1.6353 129.2505 -6.6941 4.1825 
1759 172.7580 -6.4465 127.3658 -7.5598 11.6644 
101 
102 
103 
104 
105 
106 
107 
108 
113 
115 
122 
123 
124 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
202 
203 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
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O 
Coefficients of determination (R ) for the quadratic and 
square root models for each experiment on soils of groups 
1 and 2 
Quadratic model Square root model 
0.950 0.971 
0.993 0.984 
0.978 0.986 
0.954 0.935 
0.984 0.964 
0.960 0.952 
0.930 0.926 
0.977 0.975 
0.979 0.997 
0.972 0.913 
0.967 0.961 
0.960 0.982 
0.872 0.816 
0.960 0.941 
0.936 0.959 
0.837 0.888 
0.947 0.910 
0.837 0.961 
0.973 0.968 
0.947 0.967 
0.749 0.802 
0.934 0.934 
0.899 0.932 
0.880 0.906 
0.854 0.814 
0.946 0.940 
0.994 0.963 
0.987 0.982 
0.951 0.924 
0.876 0.880 
0.879 0.941 
0.962 0.966 
0.991 0.992 
0.899 0.915 
0.989 0.984 
0.972 0.923 
0.959 0.973 
0.967 0.834 
0.975 0.976 
0.970 0.942 
J %  X -
301 
302 
303 
304 
305 
306 
307 
308 
310 
311 
312 
315 
316 
317 
318 
319 
320 
321 
322 
323 
326 
329 
330 
331 
332 
333 
334 
335 
336 
337 
338 
339 
340 
341 
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Coefficients of determination (R^) for the quadratic and 
square root model for each experiment of soils of group 3 
R^ 
Quadratic model Square root model 
0.832 0.834 
0.795 0.795 
0.878 0.950 
0.947 0.970 
0.957 0.951 
0.885 0.850 
0.931 0.972 
0.829 0.831 
0.658 0.653 
0.931 0.937 
0.818 0.837 
0.923 0.946 
0.988 0.987 
0.956 0.937 
0.911 0.960 
0.740 0.823 
0.906 0.957 
0.924 0.893 
0.903 0.883 
0.810 0.804 
0.605 0.735 
0.949 0.941 
0.911 0.921 
0.838 0.836 
0.912 0.981 
0.935 0.949 
0.965 0.939 
0.898 0.923 
0.926 0.943 
0.867 0.901 
0.923 0.933 
0.960 0.926 
0.919 0.964 
0.962 0,979 
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B. Selection of Soil Characteristics Affecting Wheat Yield 
1. Simple linear correlations between soil variables and regression coeffi­
cients for individual experiments 
The next step was to identify those measured variables or uncon­
trolled factors, which were associated with the response of wheat to 
applied N and P. To accomplish this, simple linear correlations be­
tween the estimated regression coefficients for the quadratic equation 
for each site and the site variables were calculated as suggested by 
Voss and Pesek (1965). The r-values and the level of significance 
are given in Table 11 for soils of groups 1 and 2 and in Table 
12 for soils of group 3. 
a. Soils of groups 1 and 2 Highly significant correlations 
resulted between the intercept bo and Ng, Ps and OM, while low cor­
relations resulted from Ks and pH. 
A negative correlation between the linear coefficient bi for the N 
response and Ns was obtained. Although the significance level is p 
= 0.16, the negative sign indicates agreement with the theoretical nega­
tive relation between the soil nutrient level and the response to the 
same nutrient applied as fertilizer. Only the pH characteristic 
presents a highly significant correlation with the bi at p = 0.001 
The b2 coefficient for the quadratic response to N follows a 
trend similar to that of the linear coefficient but with opposite signs 
except for the variable Ns where practically no significant correlation 
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Table 11. Simple correlation coefficients between yield of the zero 
treatment and intial soil test values with the regression 
coefficients from regression equations derived for individual 
experiments of soil groups 1 and 2 
bo bi b2 b3 b4 bs 
YIELD 0.96378 
0.0001 
0.10692 
0.5004 
-0.05801 
0.7152 
0.01830 
0.9084 
0.14020 
0.3758 
0.19551 
0.2147 
Ns 0.52034 
0.0004 
-0.21835 
0.1648 
0.153131 
0.3330 
0.05248 
0.7414 
0.07677 
0.6289 
-0.48202 
0.0012 
Ps 0.44933 
0.0028 
0.13574 
0.3914 
-0.02780 
0.8613 
-0.16387 
0.2997 
0.10699 
0.5001 
-0.11739 
0.4591 
Ks -012911 
0.4151 
0.00834 
0.9582 
0.04619 
0.7714 
0.06851 
0.6664 
-0.12435 
0.4327 
-0.04436 
0.7803 
PH 0.24687 
0.1150 
0.47616 
0.0014 
-0.35914 
0.0195 
-0.14426 
0.3621 
0.17253 
0.2746 
0.33864 
0.0283 
OM 0.46772 
0.0018 
0.06923 
0.6631 
-0.09859 
0.5345 
0.00684 
0.9657 
-0.05996 
0.7060 
-0.15512 
0.3266 
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Table 12. Simple correlation coefficients between yield of the zero 
treatment and initial soil test values with the regression 
coefficients from regression equations derived for individual 
experiments of soil group 3 
bo bi b2 bs b4 bs 
YIELD 0.98404 
0.0001 
-0.08159 
0.6464 
-0.00526 
0.9765 
-0.04065 
0.8194 
0.16219 
0.3594 
-0.14211 
0.4227 
Ns 0.64055 
0.0001 
-0.28292 
0.1050 
0.15842 
0.3709 
0.08569 
0.6299 
0.04137 
0.8163 
-0.06345 
0.7215 
Ps 0.19232 
0.2758 
-0.39842 
0.0196 
0.32613 
0.0598 
-0.19574 
0.2672 
0.31822 
0.0666 
-0.41769 
0.0140 
Ks 0.17625 
0.3187 
0.06674 
0.7077 
0.02687 
0.8801 
0.00078 
0.9965 
0.01908 
0.9147 
-0.13865 
0.4342 
pH -0.11407 
0.5206 
-0.22605 
0.1986 
-0.24136 
0.1691 
0.00697 
0.9688 
-0.02583 
0.8847 
0.17496 
0.3223 
OM 0.04254 
0.8112 
-0.18614 
0.2919 
0.19504 
0.2690 
-0.30147 
0.0832 
0.30735 
0.0770 
-0.19004 
0.2817 
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was detected. 
The bs coefficient for the linear response to fertilizer P presented 
almost no correlation with any of the soil variables except for the 
variable Pg, where the significance level is p = 0.299. This is bare­
ly over the p = 0.30 level which has been selected as the lowest 
significance level to be accepted in this multivariable study. 
However, as in the case of Ng the sign of the correlation coeffi­
cient between the response to fertilizer P and Pg is negative in ac­
cordance with the theoretical relationships. 
The b4 coefficient for the quadratic response to P was positively 
correlated with soil pH at p = 0.27. 
Finally, the bs coefficient for the interaction term for fertilizer 
response was highly negatively correlated with soil nitrogen at p = 
0.001. This indicates that, according to the theoretical response, the 
interaction component of the response to applied nutrients decreases 
as the level of soil nutrient increases. Correlation with pH is posi­
tive and significant at p = 0.028. 
b. Soils of group 3 The same procedure was followed for 
soils of group 3. A highly significant correlation resulted between 
bo and Ng at p = 0.0001 and with Pg at a significance level of 
0.27. No significant correlation was observed between bo and Kg, 
pH and OM. As in the case of the other groups, a significant 
negative linear correlation was observed between bi and Ns at p = 
0.10. This is in agreement with the theoretical consideration of 
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having less response to applied fertilizer with an increase of the soil 
nutrient. bi was also correlated with Ps, pH and OM at 0.02, 0.20 
and 0.29 probability levels respectively. No correlation was observed 
with Ks. Even though a positive correlation should be expected be­
tween soil P availability (Ps) and the response to fertilizer N (bi), 
the observed negative correlation may be explained by the significant 
correlation between N and P soil test as indicated in Table 14. 
The coefficient, b^, for the quadratic response to N followed a 
similar trend as bi for the variables Ps, pH, and OM, but with op­
posite signs. No correlation was observed with Ns and Kg. 
The coefficient bs for the linear response to fertilizer P was nega­
tively correlated with Ps but was significant only at p = 0.26. 
Also a negative correlation of p = 0.08 was obtained with organic 
matter. 
The coefficient, b4, for the quadratic response to P was positive­
ly correlated with Ps and was significant at p = 0.07. Finally, the 
bs coefficient for the NP interaction was highly negative correlated 
with Ps at p = 0.01, meaning that the interaction component of the 
yield response decreases as the level of P in the soil increases. 
Correlation with organic matter was negative and significant at p = 
0.28. The significant linear correlations between the fertilizer 
response coefficients and the soil variables will be considered as a 
basis for building individual models for each response coefficient as 
related to soil characteristics. However, the fact that a particular 
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Table 13. Simple correlation coefficients between yield of the zero 
treatment plot and the soil variables and between the soil 
variables for soils of group 1 and 2 
YIELD Ns Ps Ks pH OM 
YIELD 1.00000 
0.0000 
0.45120 
0.0027 
0.42615 
0.0049 
-0.11627 
0.4634 
0.27648 
0.0763 
0.38985 
0.0107 
Ns 0.45120 
0.0027 
1.00000 
0.0000 
0.41788 
0.0059 
0.06842 
0.6668 
-0.13547 
0.3923 
0.62090 
0.0001 
Ps 0.42615 
0.0049 
0.41788 
0.0059 
1.00000 
0.0000 
0.12313 
0.4372 
-0.08103 
0.6100 
0.55124 
0.0002 
Ks -0.11627 
0.4634 
0.06842 
0.6668 
0.12313 
0.4372 
1.00000 
0.0000 
-0.15568 
0.3249 
-0.17207 
0.2759 
PH 0.27648 
0.0763 
-0.13547 
0.3923 
-0.08103 
0.6100 
-0.15568 
0.3249 
1.00000 
0.0000 
-0.05463 
0.7311 
OM 0.38985 
0.0107 
0.62090 
0.0001 
0.55124 
0.0002 
-0.17207 
0.2759 
-0.05463 
0.7311 
1.00000 
0.0000 
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soil characteristic is not significantly correlated with a response coeffi­
cient will not be taken as an indication that a relationship does not 
exist. This is because such a relationship may become apparent in 
a multivariate model such as the one that will be used in the sub­
sequent stages of analysis. 
2. Simple linear correlations between vield of the zero treatment plot 
and soil variables 
A correlation analysis between yield of the zero treatment plots 
and the soil variables and among the soil variables was made in 
order to find out if some intercorrelation exists as suggested by Pena-
Olvera (1979). The values of the coefficient are given in Table 13 
for groups 1 and 2 and in Table 14 for group 3. 
C. Building a Quadratic Model for Wheat Response to Fertilizer Nitrogen and Phos­
phorus as Affected by Soil Characteristics 
Regression coefficients for response equations derived for individual 
experiments of soil groups 1, 2 and 3 were regressed on the soil 
characteristics of each site using several linear models 
The quadratic fertilizer model, 
Y = bo + biNf + biNf^ + bsPf + b4Pf^ + bsNfPf, (4.1) 
includes six regression coefficients corresponding to the same number 
of additive components describing the yield response to applied N 
52 
Table 14. Simple correlation coefficients between yield of the zero 
treatment plot and the soil variables and between the soil 
variables for soils of group 3 
YIELD Ns Ps Ks pH OM 
YIELD 1.00000 
0.0000 
0.64373 
0.0001 
0.13995 
0.4299 
0.20555 
0.2435 
-0.12347 
0.4866 
-0.01015 
0.9546 
Ns 0.64373 
0.0001 
1.00000 
0.0000 
0.34984 
0.0425 
-0.05590 
0.7535 
0.02583 
0.8847 
-0.12341 
0.4868 
Ps 0.13995 
0.4299 
0.34984 
0.0425 
1.00000 
0.0000 
0.31986 
0.0652 
0.23934 
0.1728 
0.21133 
0.2302 
Ks 0.20555 
0.2435 
-0.05590 
0.7535 
0.31986 
0.0652 
1.00000 
0.0000 
0.35297 
0.0406 
0.09310 
0.6005 
PH -0.12347 
0.4866 
0.02583 
0.8847 
0.23934 
0.1728 
0.35297 
0.0406 
1.00000 
0.0000 
-0.16733 
0.3442 
OM -0.01015 
0.9546 
-0.12341 
0.4868 
0.21133 
0.2302 
0.09310 
0.6005 
-0.16733 
0.3442 
1.00000 
0.0000 
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and P. When the value of each one of the bi coefficients is con­
sidered across all sites, a series of elements are formed for each 
coefficient. In this step of the analysis, the purpose is to build a 
linear model that explains the site to site variation of each response 
coefficient as a function of soil characteristics. 
The general form of the model for the bi fertilizer response coef­
ficient for soils of groups 1 and 2 is 
bi = aoi + aiiNs + aziNs^ + asiPs + a4iPs^ + asipH + agipH^ + 
a7iOM = asiOM^ + agiPspH , (4.2) 
where i = 0, 1, 2, 3, 4, 5 denotes each individual coefficient in 
the fertilizer response model 4.1. 
Not all of the variables in model 4.2 were included in the regres­
sion analysis. Variables to be included were selected on the basis 
of correlation coefficients presented in the previous section, informa­
tion obtained from plotting each response coefficient vs. the soil vari­
ables, and agronomic knowledge. A regression equation based on 
different models was calculated for each response coefficient. The 
best two equations were selected on the basis of the significance 
level of the t test for each coefficient, correspondence of the sign 
of each term in the equation with the sign that is expected from 
agronomic knowledge, and values. Terms whose coefficient at­
tained a significance of at least p = 0.30 were retained in the equa­
tions. The equations are presented in Tables 15, 16, 17, 18, 19 
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Table 15. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the in­
tercept, bo, from each of 42 site fertilizer response equa­
tions, on soil variables for soils of groups 1 and 2 
Model I Model II 
Factor Coefficient t Coefficient t 
Intercept -8758.94853 -2.706** -6801.60627 •2.781** 
Ns 50.30323 1.388++ 17.12659 3.308** 
Ns^ -0.15762 -0.925 
Ps 62.23850 2.200* 61.55787 2.181* 
pH 1211.88462 2.805** 1153.51097 2.704** 
R^ 0.456 0.443 
F 7.743** 10.077** 
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Table 16. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the 
linear coefficient, biN, from each of 42 site fertilizer 
response equations, on soil variables for soils of groups 
1 and 2 
Model I Model II 
Factor Coefficient t Coefficient t 
Intercept 387.58476 1.349++ 382.62863 1.385++ 
Ns -0.53404 -2.269* -0.64920 -2.427* 
Ns^ 0.00236 2.133* 0.00231 2.166* 
Ps 0.35587 2.014* 
PH -138.28249 -1.305++ -137.08371 -1.346++ 
pH^ 13.54128 1.387++ 13.44614 1.433++ 
0.363 0.427 
F 5.268** 5.374** 
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Table 17. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the 
quadratic coefficient, bzN^, from each of 42 site fertilizer 
response equations, on soil variable for soils of groups 1 
and 2 
Model I Model II 
Factor Coefficient t Coefficient t 
Intercept -3.33169 -3.257** -3.32452 -3.233** 
Ns 0.00145 1.736+++ 0.00148 1.752+++ 
Ns^ -6.477x10" ^  -1.644+++ -6.396x10"^ -1.614++ 
Ps -0.00052 -0.783 
PH 1.21654 3.224** 1.21480 3.203** 
PH^ -0.11427 -3.288** -0.11413 -3.266** 
R2 0.371 0.381 
F 5.454** 4.440** 
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Table 18. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the 
linear coefficient, bgP, from each of 42 site fertilizer 
response equations, on soil variable for soils of groups 1 
and 2 
Factor 
Model I Model II 
Coefficient t Coefficient t 
Intercept -437.44023 -1.922 -519.98786 -2.146* 
Ps 5.87066 2.704** 5.21665 2.299* 
Ps^ 0,03296 0.995+ 
PH 156.14640 1.883+++ 188.06624 2.115* 
PH^ -13.53096 -1.792+++ -16.47291 -2.031* 
Ps X pH^ -1.10955 -2.780** -1.13215 -2.832** 
0.243 0.263 
F 2.967* 2.571* 
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Table 19. Regression coefficients and statistical significance (Prob > 
I t 1) values for two models for the regression of the 
quadratic coefficient, b4P^, from each of 42 site fertilizer 
response equations, on soil variable for soils of groups 1 
and 2 
Model I Model II 
Factor Coefficient t Coefficient t 
Intercept 0.57431 1.652+++ 0.75652 2.075* 
Ps -0.00961 -2.897** -0.00817 -2.392* 
Ps^ — -7.276x10'^ -1.459++ 
PH -0.20272 -1.600++ -0.27318 -2.02* 
pH^ 0.01732 1.501++ 0.02381 1.951* 
Ps X pH 0.00180 2.952** 0.00185 3.074** 
R^ 0.241 0.284 
F 2.939* 2.849* 
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and 20 for the six regression response coefficients, respectively. Six 
regression equations were obtained; one for the intercept and one for 
each of the five regression coefficients for the linear and quadratic 
response to applied N and P plus the interaction term in model 4.1. 
Table 15 shows the regression equations for the intercept, bo. 
Terms in the final equation, corresponding to model II are soil N, 
soil P and soil pH. The model explains 44.3% of the observed 
variation of the intercept bo. The bo values were highly correlated 
with the yield of the zero treatment, r = 0.96. 
Regression equations for the linear response to applied N, bi, are 
given in Table 16. The significant terms are; linear and quadratic 
soil N, soil P, and linear and quadratic soil pH. Model II was 
selected as it explains 42,7% of the variation of bi. 
Table 17 shows the significant terms explaining the variation of 
the quadratic response to N, bi. Model II includes Ps that is not 
significant, so model I was selected. It includes linear and quad­
ratic terms for soil N and soil pH, explaining 37.1% of the ob­
served variation of bz. 
Two models are presented in Table 18 for the linear response to 
applied P. Model I was selected because all the terms were sig­
nificant at a p = 0.10 and it explains 24.3% of the variation of bs. 
Table 19 includes regression equations for the quadratic response 
to applied P, b4. Model I was selected because of the high sig­
nificance level of the coefficients, and it explains 24.1% of the varia-
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Table 20. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the in­
teraction coefficient, bsNP, from each of 42 site fertilizer 
response equations, on soil variable for soils of groups 1 
and 2 
Factor 
Model I Model II 
Coefficient t Coefficient t 
Intercept 0.01944 0.432 0.05483 1/103+ 
Ns -0.00026 -2.858** -0.00114 -1.987* 
Ns^ 4.061x10"^ 1.551++ 
pH 0.01134 1.794+++ 0.01029 1.649+++ 
OM -0.00941 -2.030* -0.00677 -1.395++ 
OM^ 0.00045 2.301* 0.00034 1.691+++ 
0.421 0.458 
F 6.736** 6.075** 
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tion of b4. 
Regression equations for the coefficient of the NP interaction, bs, 
are in Table 20. Model I was selected because of the significance 
level of the coefficients, and it explains 42.1% of the observed varia­
tion. Model II does not show a sizable increase in the explained 
variation. 
The final regression models for each one of the coefficients in 
Model 4.1 are as follows: 
bo = aoo + aioNs + asoPs + asopH; 
bi = aoi + aiiNs + a2iNs^ + asiPs + asipH + aeipH^; 
b2 = ao2 + aizNs + azzNg^ + aszpH + a62pH^; 
bs = ao3 + a33Ps + asspH + aespH^ + agsPspH; 
b4 = a04 + a34Ps + a54pH + a64pH^ + a94PspH; and 
bs = aos + aisNs + asspH + avsOM + agsOM^, (4.3) 
When the equations in Model 4.3 are substituted for each of the 
bi coefficients, i = 0, 1, ... 5, in Model 4.1 the general model for 
the wheat response to fertilizer N and P and soil characteristics is 
obtained. This model is 
Y = aoo + aioNs + asoPs + asopH + aoiNf + aiiNsNf + a2lNs^Nf 
+ asiPsNf + asipHNf + aeipH^Nf + ao2Nf^ + ai2NsNf^ + 
+ a22Ns^Nf^ + a52pHNf^ + a62pH^Nf^ + aosPf + a33PsPf + 
+ as3pHPf + a63pH^Pf + apsPspHPf + ao4Pf^ + a34PsPf^ + 
+ a54pHPf^ + a64pH^Pf^ + a94PspHPf^ + aosNfPf + aisNsNfPf 
+ asspHNfPf + a750MNfPf + assOM^NfPf. (4.4) 
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Table 21 presents the regression coefficients and significance levels es­
timated by the procedure described above. This table also includes 
regression coefficients for the same generalized Model 4.4 estimated by 
direct regression on the same selected predictor variables. 
As discussed by Tejeda (1973), this last procedure is less effi­
cient than the procedure previously discussed. This is why many of 
the coefficients in the right hand side column of Table 21 are not 
significant, while those in the left column are significant at least at 
p = 0.30. When comparing values of the regression coefficients es­
timated by the two procedures for the same variable, it can be seen 
that in most cases they are of the same order of magnitude. In 
fact some of them are quite similar. The coefficient of determination 
for the general model calculated by direct regression indicates that 
the model explains 54.4% of the over all variation in yield. 
The same procedure was followed for soils of group 3. Table 
28 presents the regression coefficients and significance levels estimated 
for these soils. The coefficient of determination for the general 
model calculated by direct regression indicates that in the case of 
soils of group 3 the model explains 64.6% of the over all yield 
variation. 
These - values are in the same range as that obtained in 
similar investigations, where only response to applied N and P and 
soil test values have been included as explanatory variables. In 
most cases higher values of have been obtained only when addi-
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Table 21. Regression coefficients for the generalized response equation 
estimated by two different procedures of wheat yield on 
fertilizer N and P and soil characteristics 
Variables Regression coefficient Regression coefficient 
estimated by regressing estimated by direct 
site response coefficient calculation 
(Equation 4.5) (Equation 4.6) 
Intercept -6801.606** -8385.93564** 
Ns 17.12659** 21.45180** 
Ps 61.55787* 69.1280** 
pH 1153.51097** 1343.41724** 
Nf 382.62863 182.65462 
NfNs -0.54920* 1.01901* 
NfNs^ 0.00231* -0.00509* 
NfPs 0.35587* 0.11498* 
NfpH -137.08371++ -90.15429 
NfpH^ 13.44614++ 0.03500 
NÇ -3.33169 -0.71202 
NCNs, 0.00145+++ -0.00463+++ 
Nf^Ns^ -6.477x10'^+++ 2.2015x10"^+++ 
NCPH 1.21654** 0.36001 
Nf^pH^ -0.11427 -0.03523 
Pf -437.44023 -85.23468 
PfPs 5.87066** -0.269658 
PfpH 156,1464+++ 38.98257 
PfpH^ -13.53096+++ -3.87914 
PfPspH -1.10955** 0.00111 
Pf! 0.57431 0.25032 
PfJPs -0.00961** 0.00210 
PCPH -0.20272++ -0.10698 
P{W 0.01732++ 0.01065 
prPspH 0.00180** -0.00034 
NfPf 0.01944 0.10868++ 
NfPfNs -0.00026** 4.1103x10"^ 
NfPfpH 0.01134+++ 0.00656 
NfPfOM -0.00941 -0.02622** 
NfPfOM^ 0.00045* 0.00120** 
R^=0.544 
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tional soil properties, plus crop management and climatic variables are 
included in the model. However, the results presented herein under­
score the fact that fertilizer rates and soil test values explain more 
than 50% of the observed variation in wheat yields due to the fer­
tilizer treatments over all of the experimental sites. 
The general form of the model for the bi fertilizers response coef­
ficient for soils of group 3 is 
bi = aOi + aiiNs + aziNg^ + asiPs + a4iKs + asipH + aeipH^ + 
+ a7iOM + asWpH (4.7) 
where i = 0, 1, 2, 3, 4, 5 denotes each individual coefficient in 
the fertilizer response model 4.1. 
Variables to be included were selected on the basis of correlation 
coefficients presented in the previous section, information from plot­
ting each response coefficient vs. the soil variable and general 
agronomic knowledge. A regression equation based on different 
models was calculated for each response coefficient. The best two 
equations were selected on the basis of the significance level of the 
t test for each coefficient, correspondence of the sign that is ex-
pected, and R values. Terms whose coefficient attained a sig­
nificance of at least p = 0.30 were retained in the equations. The 
equations are presented in Tables 22, 23, 24, 25, 26 and 27 for the 
six regression coefficients, respectively. Six regressions were ob­
tained; one for the intercept and one for each of the five regression 
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Table 22. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the in­
tercept, bo, from each of 34 site fertilizer response equa­
tions, on soil variables for soils of group 3 
Factor 
Model I Model II 
Coefficient Coefficient t 
Intercept 
Ns 
Ks 
Ks^ 
pH 
PH' 
42219.00 
42.99457 
8.54930 
-0.01343 
16764.00 
-1691.07729 
-0.927 
4.673** 
1.656+++ 
-1.3054-+ 
0.947 
0.993 
-64225.00 
39.11358 
1.96786 
25488.00 
-2524.28306 
-1.500++ 
4.439** 
1.7 68+++ 
1.537++ 
-1.581++ 
0.570 0.543 
7.409** 8.627** 
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Table 23. Regression coefficients and statistical significance (Prob > 
I t 1) values for two models for the regression of the 
linear coefficient, biN, from each of 34 site fertilizer 
response equations, on soil variables for soils of group 3 
Model I Model II 
Factor Coefficient t Coefficient t 
Intercept -6096.97007 -3.298** -6150.29768 -3.486 
Ns -0.27072 -2.817** -0.27235 -2.911** 
Ks 0.00145 0.119 
PH -1195.82446 -3.348** -1205.82356 -3.352** 
VpH 5410.16395 3.327** 5456.52609 3.514** 
0.383 0.382 
F 4.491** 6.187** 
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Table 24. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the 
quadratic coefficient, bzN^, from each of 34 site fertilizer 
response equations, on soil variables for soils of group 3 
Model I Model II 
Factor Coefficient t Coefficient t 
Intercept 19.64837 3.400** 18.96910 3.427** 
Ns 0.00062 2.055** 0.00060 2.032** 
Ks 1.8461x10 ^ 0.485 — — 
pH 3.84726 3.446** 3.71989 3.473** 
VpH -17.41752 -3.426** -16.82697 -3.454** 
0.348 0.343 
F 3.870** 5.215** 
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Table 25. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the 
linear coefficient, bgP, from each of 34 site fertilizer 
response equations, on soil variables for soils of group 3 
Model I Model II 
Factor Coefficient t Coefficient t 
Intercept 6.58492 3.485** 10.40009 3.767** 
Ns 0.04501 0.948 
Ps -0.36578 -1.388++ -0.19655 -0.797 
OM — — -0.84262 -1.570+4-
0.065 0.109 
F 1.085 1.899++ 
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Table 26. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the 
quadratic coefficient, b4P^, from each of 34 site fertilizer 
response equations, on soil variables for soils of group 3 
Model I Model II 
Factor Coefficient t Coefficient t 
Intercept -0.02044 -3.850** -0.02990 3.884 
Ng 05.8716x10 ^ -0.440 — — 
Ps 0.00142 1.910+++ 0.00108 1.576++ 
OM —- 0.00224 1.494++ 
R^ 0.107 0.162 
F 1.854++ 2.988+++ 
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Table 27. Regression coefficients and statistical significance (Prob > 
I t I) values for two models for the regression of the in­
teraction coefficient, bsNP, from each of 34 site fertilizer 
response equations, on soil variables for soils of group 3 
Model I Model II 
Factor Coefficient t Coefficient t 
Intercept -0.09952 -1.431++ -0.03484 -1.008+ 
Ps -0.00252 -3.052** -0.00252 3.052** 
pH — 0.01247 1.826+++ 
VpH 0.05681 1.830+++ — — 
0.255 0.255 
F 5.305* 5.295** 
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coefficients for the linear and quadratic response to applied N and P 
plus the interaction term in model 4.1. 
Table 22 shows the regression equations for the intercept, bo. 
Terms in the final equation, corresponding to model II, are soil N, 
soil K and linear and quadratic effects of soil pH. The model ex­
plains 54.3% of the observed variation of the intercept, bo. The bo 
values were highly correlated with the yield of the zero treatment, r 
= 0.98. 
Regression equations for the linear response to applied N, bi, are 
given in Table 23. The significant terms are soil N, linear and 
square root of soil pH. Model II was selected as it explains 
38.2% of the variation of bi. 
Table 24 shows the significant terms explaining the variation of 
the quadratic response to N, bz. Model 1 includes Kg that is not 
significant, so Model II was selected. It includes soil N and linear 
and square root of soil pH, and explains 34.3% of the observed 
variation of hi. 
Two models are presented in Table 25 for the linear response to 
applied P. Model II was selected, it explains 10.9% of the varia­
tion of bs. 
Table 26 includes regression equations for the quadratic response 
to applied P, b4. Model II was selected because of the significance 
level of the coefficients and it explains 16.2% of the variation of b4. 
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Regression equations for the coefficient of the NP interaction, bs, 
are presented in Table 27. Model II was selected because of the 
significance level of the coefficients and it explains 25.5% of the ob­
served variation. 
The final regression models for each of the coefficients in Model 
4.1 are as follows: 
bo = aoo + aioNs + a4oKs + asopH + aeopH^; 
bi = aoi + aiiNs + asipH + asWpH; 
b2 = ao2 + ai2Ns + a52pH + a82'VpH; 
b3 = a03 + a33Ps + a730M; 
b4 = ao4 + a34Ps + a740M: and 
bs = a05 + assPs + asspH . (4.8) 
When the equations in Model 4.8 are substituted for each of the 
bi coefficients, i = 0,1, ... 5, in Model 4.1 the general model 
for the wheat response to fertilizer N and P and soil characteristics 
is obtained. This model is 
Y = aoo + aioNs + a40Ks + ago pH + aeo pH^ + 
aoiNf + aiiNsNf + asipH Nf + asWpH Nf + 
ao2Nf^ + ai2NsNf^ + aszpH Nf^ + agzVpH Nf^ + 
aosPf + assPsPf + a73 OM Pf + a04Pf^ + a34PsPf^ + 
a74 OM Pf^ + aosNfPf + a35PsNfPf + asspH NfPf . (4.9) 
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Table 28. Regression coefficients for the generalized response equation 
estimated by two different procedures of wheat yield on 
fertilizer N and P and soil chemical characteristics 
Variables Regression coefficient Regression coefficient 
estimated by regressing estimated by direct 
site response coefficient calculation 
(Equation 4.10) (Equation 4.11) 
Intercept -64225.00++ -69733.00** 
Ns 39.11358** 46.85364** 
Ks 1.96786+++ 3.04919** 
PH 25488.00++ 27600.00** 
pH^ -2542.28306++ -2741.85435** 
Nf -6150.29768** -1287.76929* 
NfNs -0.27235** -0.17839+++ 
NfpH -1205.82356** -261.44962* 
NfVpH 5456.52609** 1168.36151* 
Nf^ 18.96910** -0.11625++ 
Nf^Ns 0.00060** 0.00032 
N&H 3.71989*** 0.01458 
NrVpH -16.82697** 
Pf 10.40009** 12.97933** 
PfPs -0.19655 -1.07040** 
PfOM -0.84262++ -0.11262 
pf -0.02990** -0.03885** 
Pf^Ps 0.00108++ 0.00341** 
proM 0.00224++ 0.00078 
NfPf -0.03484+ -0.03400 
NfPfPs -0.00252** -0.00340** 
NfPfpH 0.01247+++ 0.01349+++ 
R^ = 0.646 
F = 38.386** 
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D. Estimated General Response Models 
Two general models (equations 4.5 and 4.6) are presented in 
Table 21 for the Trumao soils of group 1 and 2, and in Table 28 
two models (equations 4.10 and 4.11) are given for the Red Vol­
canic Clay soils of group 3. 
Equations 4.5 and 4.10 were obtained by regressing each of the 
regression coefficients from the site yield function on the soil charac­
teristics, and equations 4.6 and 4.11 were obtained by direct calcula­
tion. 
In order to obtain reduced equations for the response to N and P, 
mean values of the soil chemical analysis given in Tables A7 and A8. 
were substituted into the equations. The corresponding products with the 
regression coefficients were obtained as given below. 
For equation 4.5 
Y = 2009.02 + 5.6395 Nf - 0.01278 Nf^ + 9.9180 Pf - 0.01417 Pp + 
Y = 2018.37 + 10.6433 Nf - 0.03679 Np + 9.3870 Pf - 0.01416 Pf^ + 
For equation 4.10 
Y = 1476.59 + 15.4050 Nf - 0.04387 Nf^ + 5.14819 Pf - 0.01204 Pf^ 
0.00224 NfPf. (4.12) 
For equation 4.6 
0.00375 NfPf. (4.13) 
+ 0.01236 NfPf. (4.14) 
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For equation 4.11 
Y = 1504.67 + 12.5071 Nf - 0.03243 Nf^ + 4.96848 Pf - 0.01139 Pf^ 
These four equations are presented in graphic form in Figure 1 
for equation 4.12, Figure 2 for equation 4.13, Figure 3 for equation 
4.14, and in Figure 4 for equation 4.15. 
1. Determination of N and P for maximum yields 
The rates of fertilizer N and P required for maximum yields are 
determined by setting the first partial derivatives of the yield equa­
tions to zero and solving for N and P. In this case there was a 
N by P interaction so two equations must be solved simultaneously. 
According to equation 4.1 the general form of the system of equa­
tions is 
bi - 2b2Nf + bsPf = 0 
By solving these equations, the following values of Nmax and 
Pmax were obtained. 
+ 0.01235 NfPf. (4.15) 
b3 + bsNf - 2b4Pf = 0 (4.16) 
Equation Nmax Pmax 
kg N ha"^ kg P2O5 ha"^ 
4.12 253 
125 
222 
370 
315 
328 
4.13 
4.14 
4.15 261 360 
16 
77 
4176 
3457 
2738 
2018 
Figure 2. Response of wheat to N and P on soils of groups 1 and 
2, as predicted by equation 4.6 using mean values of 
soil chemical characteristics 
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4027 
3177 
Figure 3. Response of wheat to N and P on soils of group 3, as 
predicted by equation 4.10 using mean values of soil 
chemical characteristics 
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4016 
Figure 4. Response of wheat to N and P on soils of group 3, as 
predicted by equation 4.11 using mean values of soil 
chemical characteristics 
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Substituting these values into the corresponding equation gave the 
estimated maximum yields (Ymax) for the specified conditions. 
Equation Ymax 
(kg ha'b 
4.12 4557.25 
4.13 4177.77 
4.14 4027.71 
4.15 4032.77 
2. Calculation of economic rates 
Because actual alternative investment values are not available for 
this study, the maximum profit situation will be considered in the cal­
culation of economic rates of fertilization. If we use equation 4.1 
to express the factor yield relationships, the optimal application rates 
of N and P are given by 
dY/dN = bi + 2b2Nf + bsPf = CN/V 
and 
dY/dP = b3 + 2b4Pf + bsNf = CP/V, 
where 
V = value of a unit of yield, CN = cost of a unit of N, and CP = 
cost of a unit of P2O5. 
Colwell (1972) recommended the use of average regression coeffi­
cients across sites in order to obtain a regional recommendation for 
an area of soil type. In the case of this study the site variables 
81 
of Ns, Ps, Ks, pH and OM interact with the field response to N or 
P so the levels of optimum rates do depend on these variables. 
As proposed by Cady (1974) the soil test is considered in the 
general models 4.5, 4.6, 4.10 and 4.11. It is possible to calculate 
a reduced equation for each site within the two groups of soils con­
sidered. 
The economic optimum combination for equations 4.12, 4.13, 4.14, 
and 4.15 is obtained by equating the derivative of yield (Y) with 
respect to N and P to the ratio of the fertilizer cost and wheat 
grain price as defined in the footnote. 
The N by P interaction was significant so two equations need to 
be solved simultaneously: 
-2b2Nf + bsPf = -bi + CN/V 
+ bsNf - 2b4Pf = -b3 + CP/V 
where 
V = $45.00^ 
CN = $172.00 
CP = $160.00 
^The price of wheat and the cost of a unit of N and P considered here were 
the average market prices for August 1988 in Santiago, Chile. 
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CN/V = 3.82 
CP/V = 3.556. 
The calculated economic optimum rates are: 
Equation N 
kg ha"^ kg P205 ha"^ 
4.12 241 232 
4.13 131 195 
4.14 196 144 
4.15 221 150 
By substituting these values into the corresponding equation the maxi­
mum economic yield was calculated. 
The estimated economic optimum yields for the mean values of 
the soil variables are: 
Equation Yield 
kg ha'^ 
4.12 4005.62 
4.13 3871.78 
4.14 3567.03 
4.15 3472.45 
The same procedure can be followed for other soil fertility condi­
tions. Three levels of soil analysis were considered for soils of 
groups 1 and 2. The levels were 60, 113 and 150 ppm for Ns, 
5.0, 10.5 and 20.0 ppm to Ps and for pH 5,0, 5.4 and 5.8. For 
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the medium level the mean value was used. The same approach 
was used for soils of group 3. The levels were 10, 25 and 40 
ppm for Ns, 4.0, 7.0 and 10.0 ppm for Pg and for pH 4.8, 5.2 
and 5.6. Some of the possible combinations are presented in Tables 
29 and 30 for equations 4.5 and 4.6 for soils of groups 1 and 2 
and in Tables 31 and 32 for equations 4.10 and 4.11 for soils of 
group 3. 
Maximum and economic optimum yields presented in Table 29 
show a large effect due to soil pH at medium levels of Ns and Pg. 
Maximum yield increased by 60% and economic optimum yield by 
64% when the pH changes from low to high. For the other model 
presented in Table 30 the effect of pH is to increase maximum 
yield by 38% and economic optimum yield by 34%. 
The effect of Pg on yield is less because it only increases yield 
from 0 to 3% as it increases from low to high and increases maxi­
mum yield 4 to 6% and has no effect on the economic optimum 
yield when it increases from medium to high. 
For soils of group 3 in Table 31 the 27% increase in maximum 
and economic optimum yields due to increasing pH is less than for 
soils of group 1 and 2. The increase due to Pg is of the order 
of 37 and 31% for maximum and economic optimum yields, respective­
ly. For the same soils using equation 4.11 the increases is 42 and 
100% for the maximum and economic optimum yields, respectively. 
The calculation described above is simple in concept and can, in 
theory, be applied to any response surface function, such as those 
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Table 29. Maximum N and P for maximum yield and N and P for 
economic optimum yield calculated by equation 4.5 for 
different levels of Ns, Ps and pH 
kg ha"^ 
Levels of N P Yield N P Yield 
Ns Ps pH max. max. maximum econ. econ. econ. 
opt. opt. optimum 
M M L 79 324 3088.81 6 190 2710.63 
M M M 253 370 4556.80 92 232 4005.62 
M M H 182 413 4935.43 114 214 4455.79 
M L H 154 384 4783.31 91 248 4424.39 
M H L 150 301 4454.62 75 210 4149.40 
M L L 37 350 2418.96 0 168 2059.65 
M H H 260 400 5272.95 139 0 4324.41 
Table 30. Maximum N and P for maximum yield and N and P for 
economic optimum yield calculated by equation 4.6 for 
different levels of Ns, Ps and pH 
kg ha'^ 
Levels of N P Yield N P Yield 
Ns Ps pH max. max. maximum econ. econ. econ. 
opt. opt. optimum 
M M L 103 326 3565.92 58 211 3277.36 
M M M 125 315 4177.87 81 195 3871.78 
M M H 146 281 4923.04 110 132 4401.19 
M L H 138 394 4951.22 102 238 4606.67 
M H L 120 316 3920.44 78 160 3563.46 
M L L 93 329 3369.40 47 230 3105.76 
M H H 157 259 5134.63 121 75 4744.36 
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Table 31. Maximum N and P for maximum yield and N and P for 
economic optimum by equation 4.10 for different levels 
of Ns, Ps and pH 
kg ha*^ 
Levels of N P Yield N P Yield 
Ns Ps pH max. max. maximum econ. econ. econ. 
opt. opt. optimum 
M M L 220 282 3159.37 196 104 2796.84 
M M M 222 328 4028.58 152 144 3567.03 
M L H >400 193 2959.55 285 0 1201.95 
M H L 257 180 2621.80 109 57 2339.46 
M L L >272 321 3600.44 150 145 3057.11 
Table 32. Maximum N and P for maximum yield and N and P for 
economic optimum by equation 4.11 for different levels 
of Ns, Ps and pH 
kg ha"^ 
Levels of N P Yield N P Yield 
Ns Ps pH max. max. maximum econ. econ. econ. 
opt. opt. optimum 
M M L 189 276 3306.04 123 100 2867.04 
M M M >261 >360 4032.05 163 150 3472.45 
M M H >314 >463 3184.33 147 176 2355.33 
M L H >392 >443 4177.47 218 248 3498.35 
M H L 140 >560 2806.14 35 0 1824.97 
M L L 227 279 3997.78 154 167 3663.62 
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presented in Appendix Tables A9, A10, All and A12 for equations 
4.5, 4.6, 4.10 and 4.11, respectively. The calculation depends, 
however, on the response being of a diminishing return form and on 
the solution not being an extrapolation beyond the range of the data. 
Non-ideal response forms which do not meet these conditions are not 
uncommon due to inadequacies in experimental data from a series of 
experiments carried out under field conditions. One of the most im­
portant failures is in the selection of treatment levels to define the 
yield response function in the vicinity of optimum fertilizer require­
ments. 
The functions presented here give a good estimate of the general 
fertilizer requirements, but they can be improved by including other 
parameters like previous history of cropping and other production prac­
tices such as seeding time. It is necessary to improve the soil 
characterization including an estimation of phosphorus fixation capacity 
and aluminum content that can be related to the large effect of soil 
pH found in the models presented. 
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V. SUMMARY 
The use of fertilizers is one method to increase agricultural 
production. For efficient use, it is necessary to have information on 
the optimum rates and combinations of nutrients that need to be ap­
plied. 
The quantitative description of the effects of fertilizer on yields, 
the calculation of optimal rates, and the development of soil test 
calibration equations all require a general yield equation, which expres­
ses yield as a function of nutrient application rate. This information 
is generally obtained from the results of field experiments conducted 
over time and space to assure the sampling of a wide range of 
climatic and soil conditions affecting yield. 
The main objective of this dissertation was to analyze the avail­
able information on yield response of wheat to N and P fertilization 
on several Andisols and Alfisols of Region IX, Chile. Seventy-six 
field experiments were conducted during a ten-year period to evaluate 
the yield response to N and P under different soil and climate condi­
tions. A basic N by P incomplete factorial in a completely ran­
domized block design with two or three replications was used. The 
rate combinations for applied N and P were derived from the incom­
plete factorial design of a double square for two factors at 5 levels 
of each factor, the design is a modification of the second order 
central composite design for two variables. 
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An analysis of variance for grain yield was calculated for each 
experiment in order to determine treatment effect. Treatments sig­
nificantly affected wheat yields in 93.5% of the experiments and had 
no effect in 6.5% of the experiments for Andisols (Trumao soils), 
and for the Alfisols (Red Clay soils) yields were affected by treat­
ments in 90.5% of the experiments and there was no treatment ef­
fect in 9.5% of the experiments. 
Regression analysis was applied to the average yield data for 
each treatment of each experiment to determine the effect of treat­
ments on yield. The quadratic function was selected to develop the 
yield equation. 
Soil chemical analyses were correlated to the response to N and 
P at each site to explain variations in yield and yield response to 
fertilizer. 
By use of multiple regression analysis two models were developed 
for each of the two groups of soils; one by regressing the coeffi­
cients of each site's response function on soil variables and the 
other by direct or normal calculation or regression analysis including 
the same variables that were significant in the other model. For 
the soils of groups 1 and 2 (Andepts) the models included the vari­
ables of soil nitrogen (Ns), available soil phosphorus (Ps), soil pH, 
and soil organic matter (OM). The models for soils of group 3 (Al­
fisols) included the same variables plus exchangeable soil potassium 
(Ks). 
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In order to obtain a reduced equation for the response to N and 
P from the general models, the mean values of the soil chemical 
analysis were substituted into the equations. The corresponding 
products with the regression coefficients were obtained as given below. 
For soils of group 1 and 2 for equation 4.5 
Y = 2009.02 + 5.6395 Nf - 0.01278 Nf^ + 9.9180 Pf 
- 0.01417 Pf^ + 0.00224 NfPf. 
For equation 4.6 
Y = 2018.37 + 10.6433 Nf - 0.03679 Nf^ + 9.3870 Pf 
- 0.01416 Pf^ + 0.00376 NfPf. 
For soils of group 3, for equation 4.10 
Y = 1476.59 + 15.4050 Nf - 0.04387 Nf^ + 5.14819 Pf 
- 0.01204 Pf^ + 0.01236 NfPf. 
For equation 4.11 
Y = 1504.67 + 12.5071 Nf - 0.03243 Nf^ + 4.96848 Pf 
- 0.01139 Pf^ + 0.01235 NfPf. 
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An economic analysis of response of wheat to N and P fertilizer 
was performed using the proposed models and actual costs and 
returns for different soil fertility levels measured by soil chemical 
analysis. The response to fertilizer N and P at mean soil test 
values was illustrated for each one of the four generalized yield func­
tions. 
The rates of fertilizer N and P required for maximum yields 
were determined by setting the first partial derivatives of the yield 
equations to zero and solving for N and P. In this case there was 
a N by P interaction so two equations were solved simultaneously. 
By solving these equations, the following values of Nmax and 
Pmax were obtained. Substituting these values into the corresponding 
equation gave the estimated maximum yields (Ymax) for the specified 
conditions. 
Equation Nmax Pmax Ymax 
kg N ha"^ kg P2O5 ha"^ kg ha"^ 
4.5 253 370 4557.25 
4.6 125 315 4177.77 
4.10 222 328 4027.71 
4.11 261 360 4032.77 
Because actual alternative investment values were not available for 
this study, the maximum profit situation was considered in the calcula­
tion of economic rates of fertilization. 
The calculated economic optimum rates and estimated economic op­
timum yields for the mean values of the soil variables are: 
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Equation N 
kg ha"^ 
P Yield 
kg P2O5 ha"^ kg ha'^ 
4005.62 
3871.78 
3567.03 
3472.45 
4.5 
4.6 
4.10 
4.11 
241 
131 
196 
221 
232 
195 
144 
150 
The same procedure can be followed for other soil fertility conditions. 
Three levels of soil analysis were considered for soils of groups 1 and 
2. The levels were 60, 113 and 150 ppm for Ns, 5.0, 10.5 and 20.0 
ppm for Ps and 5.0, 5.4 and 5.8 for pH. The mean value was used 
for the medium level. The same approach was used for soils of group 
3. The levels were 10, 25 and 40 ppm for Ns, 4.0, 7.0 and 10.0 
ppm for Ps and 4.8, 5.2 and 5.6 for pH. 
Maximum yields were in the order of 5000 kg ha"^ for the Andepts 
and 4000 kg ha"^ for the Alfisols. Maximum and economic optimum 
yields for the Andepts showed a large effect due to soil pH at low 
and medium levels of soil Ns and Ps. The effect of Ps on yields was 
less and increased yields only 1 to 6%. 
For the Alfisols the effect of soil pH was less than for the Andepts 
and not always positive. The increase due to Ps for maximum and 
economic optimum yields was between 30 and 40%. 
The functions gave a good estimate of the general fertilizer require­
ments, but they could be improved by including other parameters like 
previous history of cropping, other production practices such as seeding 
time, an estimation of phosphorus fixation capacity, and the aluminum 
content that could be related to the large effect of soil pH. 
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vm. APPENDIX 
Table Al. Average treatment yields (kg ha"^) 
EXP N 0 100 200 50 150 0 
P2O5 0 0 0 100 100 200 
N^. P 0 0 0 44 44 88 
101 2600 3160 3900 3940 4570 3630 
102 4100 4830 5250 5300 5850 5070 
103 2200 2740 3100 3710 3920 3410 
104 4200 5160 5500 5760 6530 6310 
105 3600 4020 4500 4480 5000 4860 
106 4400 5380 5300 4950 5530 4580 
107 3600 3920 4700 4770 5870 5390 
108 2200 2260 3200 3400 3900 2920 
110 2170 2920 2900 4910 4670 4640 
113 1420 1650 1660 3480 3970 3220 
115 547 691 532 1322 1397 1579 
121 1200 1480 1680 2460 2525 3300 
122 1867 1920 1667 2520 2960 3550 
123 2730 2545 2608 3880 4237 4115 
125 2145 1495 1945 3005 3385 4512 
126 3085 3495 4045 4265 4558 4900 
127 1120 1340 1400 2870 2555 2175 
128 2150 1950 2364 3475 3395 2900 
for soils of group 1 
100 200 50 150 0 100 200 
200 200 300 300 400 400 400 
88 88 132 132 176 176 176 
4610 
6180 
4410 
6630 
5270 
5300 
5870 
4410 
5800 
4340 
1560 
2705 
3912 
4687 
4550 
5640 
2610 
3447 
5450 
6590 
4310 
6830 
5520 
5520 
5580 
5170 
5710 
4760 
1697 
2512 
3217 
4560 
4812 
5165 
2920 
3385 
4380 
5800 
4320 
6700 
5470 
5340 
6120 
4060 
5869 
4650 
2034 
3217 
3887 
5025 
5785 
5375 
3670 
3885 
4800 
6630 
4860 
7790 
5350 
5550 
6720 
5410 
6410 
5210 
2056 
2902 
3775 
4730 
4685 
5860 
3215 
3780 
3900 
5000 
4000 
6100 
5300 
4700 
5600 
3000 
5580 
3630 
1560 
3062 
4340 
4867 
6060 
5085 
3485 
3190 
5320 
6430 
5230 
7690 
5530 
5450 
6530 
4470 
6650 
5260 
2091 
3590 
4447 
5480 
6472 
5823 
3580 
3440 
5900 
6800 
5300 
7000 
5600 
5600 
7000 
5900 
6620 
5510 
1516 
3885 
4295 
5425 
5670 
6285 
3125 
3255 
Table Al. Continued 
EXP N 0 100 200 50 150 0 100 200 50 150 0 100 200 
P2O5 0 0 0 100 100 200 200 200 300 300 400 400 400 
N^. P 0 0 0 44 44 88 88 88 132 132 176 176 176 
129 2192 1992 1920 2286 2149 2825 2815 2087 2819 2534 3387 2919 2200 
130 1917 2037 3020 3617 3520 4100 4000 3687 4100 4027 4557 1967 3838 
131 2433 2577 2567 3543 3507 3830 3823 3900 4447 4297 3913 4480 4150 
132 1403 1687 1930 3316 3210 3300 3523 3253 3773 3583 3523 3900 2950 
133 2293 2473 1959 3250 3063 2726 3207 3387 3757 2953 3367 3997 2827 
134 1397 1743 2023 2720 2570 3353 2920 2730 333 2437 3393 3077 2180 
135 1240 1585 725 2515 2185 2370 2715 2595 3030 2440 3390 3605 2870 
136 1375 1530 1270 2480 2460 2715 2625 2235 3045 1805 3260 2525 1695 
137 1337 1480 1477 2183 1983 2737 3180 2343 2660 2706 2163 3107 3310 
138 2911 4353 3772 4238 4894 3467 4494 5627 4909 6043 4025 5883 6184 
139 2438 3154 3446 3258 3905 2739 3755 4462 3369 4898 4651 4452 5833 
Table A2. Average treatment yields (Kg ha"b for soils of group 2 
EXP N 0 100 200 50 150 0 100 200 50 150 0 100 200 
P2O5 0 0 0 100 100 200 200 200 300 300 400 400 400 
N^. F 0 0 0 44 44 88 88 88 132 132 176 176 176 
202 2140 3997 4300 3770 4920 2507 4442 5417 3430 5057 2303 4340 5577 
203 2685 3500 3465 3915 4855 3845 5175 5235 4205 5635 3630 5650 5500 
204 2873 3263 4063 4187 4757 3677 5103 5390 4063 5190 3410 5493 4707 
205 2573 3553 3680 4140 5007 4120 5117 5510 5337 5003 4387 3680 3567 
207 1577 957 1023 2001 2465 3040 3510 3577 2633 3213 3013 2753 3290 
208 1292 1395 1459 2625 3495 1880 3514 3777 2881 3387 1805 3877 3545 
209 1617 1657 1780 2313 2753 2163 3060 3953 3260 4127 2383 3633 4170 
210 2235 2460 2485 4225 4250 4980 4985 5310 5425 5715 5765 5540 5810 
211 1550 1293 1897 2593 3590 1827 3390 4287 2100 3820 2113 4427 4850 
212 927 1597 2117 1623 2637 1087 2727 3387 2030 3500 977 2870 3753 
213 1040 1830 2170 1950 3330 1440 3065 4565 2600 4490 1445 5090 4670 
214 500 1023 1087 2067 2943 693 3270 3863 2013 3980 767 3790 4253 
215 2225 2580 2655 3510 4340 3635 4765 4995 4355 5740 3685 3290 5380 
216 617 2170 3080 1760 3400 953 2413 4387 1363 3433 967 2807 4713 
217 2913 3503 3580 4480 4713 5117 5567 5253 6063 6043 5810 5433 5760 
Table A3. Average treatment yields (Kg ha'^) 
EXP N 0 128 256 64 192 0 
P2O5 0 0 0 80 80 160 
N^. F 0 0 0 35 35 70 
301 799 2684 2071 2666 3154 1222 
302 963 1925 2197 1757 2318 1371 
303 1658 2492 2783 3306 3400 2102 
304 1584 2100 2361 2560 2983 1753 
305 1776 2424 2126 2725 3049 1696 
306 1511 2070 2420 2003 3552 2946 
307 2863 2940 3457 3516 4350 2932 
308 1800 1470 2166 2372 2689 1874 
310 1562 2105 2519 2353 2711 2305 
311 3233 3472 3079 3199 3555 3568 
312 1164 1527 1184 1593 2409 942 
315 558 648 758 1167 1599 598 
316 434 523 219 980 1342 499 
317 1382 1826 1781 2094 2515 1899 
318 2048 2653 2284 3063 3298 1654 
319 3638 4101 3791 3913 3758 4498 
320 1813 2014 2834 3625 3793 1871 
321 406 717 621 876 1435 763 
for soils of group 3 
128 256 64 192 0 128 256 
160 160 240 240 320 320 320 
70 70 105 105 140 140 140 
3429 2960 2332 2730 1795 3049 4064 
2504 2869 3171 2891 962 2595 2398 
3371 3915 3994 3980 1936 4307 4234 
2861 2887 2758 3317 1594 3042 3347 
3823 3912 3122 4467 1802 3819 4186 
4656 4365 3085 4769 2844 4606 4682 
4385 4672 4188 4585 3170 4721 5217 
3478" 3043 2826 3393 2037 2550 3602 
3713 2468 3045 2586 1661 3553 2913 
3745 4205 4149 4150 3870 4735 4961 
2067 2888 1940 2590 1430 1631 2986 
1413 2072 1285 1811 949 1447 2560 
1585 2334 1582 2535 854 2387 3519 
2866 2915 2708 2921 1709 2573 3541 
3347 3485 3233 3613 2330 3934 3845 
4046 3744 4055 3900 4875 4363 4393 
4545 4462 3791 4535 2087 4564 5311 
1206 1288 1120 1758 512 1160 1718 
Table A3. Continued 
EXP N 0 128 256 64 192 0 128 256 64 192 0 128 256 
P2O5 0 0 0 80 80 160 160 160 240 240 320 320 320 
N-. F 0 0 0 35 35 70 70 70 105 105 140 140 140 
322 2087 4310 3643 3579 4693 2306 4731 4155 4771 4312 3465 4649 4233 
323 743 959 1156 1465 1226 2182 1518 2203 1950 1862 2113 2762 2140 
326 1916 3594 2090 2567 2478 2133 2698 2397 3428 2347 2531 3015 2322 
328 1059 2071 1995 2185 2611 1291 2900 2876 2234 3298 1331 2924 2877 
329 305 1561 1438 1205 1730 264 2080 1783 1268 1698 385 1732 2070 
330 630 1487 1474 1866 1882 1315 2466 2426 2322 2679 915 3155 2513 
331 602 1074 1414 1697 1790 1211 1750 1927 2325 2977 1078 2370 2271 
332 513 2017 3119 1447 3557 949 2390 4261 1730 3347 474 2933 4647 
333 961 1749 2132 2447 2912 874 3597 3092 2437 3521 1133 3326 3719 
334 1375 3061 3996 2893 4811 1731 4763 4875 2779 5552 1450 4273 5387 
335 1817 2208 2526 26223 2827 1422 3284 3005 2249 3159 1316 3113 3206 
336 1513 1588 1876 1605 2210 1455 1934 2310 1793 2383 1399 2514 2694 
337 1170 1623 2096 2636 3166 1421 3762 3390 2413 3114 1572 3866 4092 
338 1103 2006 2287 2141 2319 975 2716 2358 1832 2373 1035 2203 2503 
339 1419 2784 3326 2691 3945 1353 4101 3625 1779 4428 1154 3812 3848 
340 422 1402 1609 2220 3064 848 2214 3017 1895 2979 698 2555 3013 
341 1862 2895 2737 3794 5341 1917 5257 5486 4102 5667 1852 5147 5914 
No. 
101 
102 
103 
104 
105 
106 
107 
108 
113 
115 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
116 
Values of the measured uncontrolled variables at each ex­
perimental site for soils of Group 1 
Ns Ps Ks pH OM 
ppm ppm ppm % 
89 13.8 175.7 5.7 11.2 
148 16.8 136.5 5.6 15.9 
120 11.8 85.8 5.7 11.7 
131 16.8 136.5 5.6 16.1 
130 14.4 85.8 5.3 13.4 
134 20.4 70.2 5.8 14.5 
120 14.4 136.5 5.3 15.2 
133 12.6 105.3 5.4 17.4 
108 8.3 136.5 5.3 13.8 
111 4.6 148.2 5.2 10.5 
107 8.2 159.9 5.5 11.3 
127 7.5 89.7 5.8 9.6 
99 6.2 144.3 5.7 8.6 
104 12.4 74.1 5.7 9.7 
99 8.4 105.3 5.6 7.6 
113 6.4 202.8 5.6 9.4 
133 9.1 276.9 5.6 11.3 
148 12.0 245.7 5.2 13.5 
137 9.7 214.5 5.1 12.4 
107 17.9 378.3 5.0 10.3 
111 6.8 74.1 5.1 12.7 
122 19.8 159.9 5.1 11.0 
153 6.7 280.8 5.0 10.1 
153 6.7 280.8 5.2 10.7 
118 5.6 136.5 5.0 11.4 
98 6.8 78.0 5.1 12.0 
99 6.6 93.6 4.9 10.5 
141 8.8 226.2 5.8 11.2 
139 16.0 304.2 5.3 8.3 
No. 
202 
203 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
117 
Values of the measured uncontrolled variable at each ex­
perimental site for soils of Group 2 
Ns Ps Ks pH OM 
ppm ppm ppm % 
140 18.5 171.6 5.8 15.5 
109 5.8 101.4 5.9 11.7 
133 17.9 152.1 5.0 14.2 
105 14.2 187.2 5.2 12.8 
84 11.0 140.4 5.3 7.5 
133 4.5 128.7 5.5 9.3 
59 8.8 198.9 5.5 7.2 
67 7.4 171.6 5.4 7.3 
64 8.7 253.5 5.3 7.5 
57 4.1 179.4 6.0 9.3 
65 5.6 175.5 5.6 5.5 
82 5.0 70.2 5.4 6.1 
124 6.2 175.5 5.4 8.3 
152 19.2 140.4 5.8 15.0 
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Table A6. Values of the measured uncontrolled variables at each ex­
perimental site for soils of Group 3 
Experiment Ns Ps Ks pH OM 
No. ppm ppm ppm % 
301 14.3 7.8 226.2 5.2 5.3 
302 18.4 9.7 386.1 5.0 3.3 
303 37.8 4.8 81.9 5.1 3.2 
304 23.7 9.5 308.1 5.3 6.0 
305 23.0 4.4 269.1 5.1 3.2 
306 20.0 6.3 280.8 5.3 3.6 
307 48.5 8.6 370.5 5.1 4.8 
308 36.2 8.4 315.9 5.4 4.5 
310 52.1 10.3 132.6 5.4 4.8 
311 43.4 10.3 393.9 5.4 2.9 
312 24.0 8.4 292.5 5.5 5.6 
315 15.0 7.1 159.9 5.6 6.1 
316 30.1 8.4 109.2 5.5 4.0 
317 29.2 7.9 167.7 5.4 3.0 
318 23.8 5.9 117.0 5.3 3.4 
319 51.1 8.2 191.1 5.0 5.7 
320 12.5 5.2 136.5 4.9 4.6 
321 14.4 6.8 39.0 4.7 5.8 
322 16.5 6.5 284.7 4.9 5.3 
323 33.7 9.3 97.5 4.7 6.1 
326 23.1 9.0 230.1 5.4 5.4 
330 18.1 4.8 237.9 5.5 4.4 
331 12.5 9.7 296.4 5.6 4.5 
332 7.3 5.2 354.9 5.6 4.5 
333 20.8 7.3 429.0 5.4 6.0 
334 10.3 4.3 218.4 5.0 4.6 
335 17.3 4.8 222.3 4.9 3.9 
336 19.9 5.1 167.7 5.0 5.7 
337 25.9 2.6 144.3 5.1 4.0 
338 17.5 10.7 245.7 5.1 4.9 
339 32.6 6.9 230.1 5.1 4.7 
340 18.1 4.0 167.7 5.2 3.5 
341 35.5 4.9 128.7 5.0 5.1 
342 17.5 12.0 191.1 5.2 5.4 
119 
Table A7. Values of minimum, maximum and mean for the uncon­
trolled variable of soils of group 1 and 2 
Variables Minimum Maximum Mean n 
Ns 57.0 153.0 112.98 42 
Ps 4.1 20.4 10.45 42 
Ks 70.2 378.3 159.16 42 
pH 4.9 6.0 5.42 42 
OM 5.5 17.4 11.04 42 
Table A8. Values of minimum, maximum and mean for the uncon­
trolled variables of soils of group 3 
Variables Minimum Maximum Mean n 
Ns 7.3 52.1 24.65 34 
Ps 2.6 10.7 7.05 34 
Ks 39.0 429.0 224.59 34 
pH 4.7 5.6 5.19 34 
OM 2.9 6.1 4.63 34 
120 
Table A9. Generalized equations using Model 4.5 for all combinations 
of three levels of Ns, Ps and soil pH for soils of 
groups 1 and 2 
LEVELS 
Ns Ps pH 
bo bi b2 b3 b4 bs 
ILLL 301.33 10.5069 -0.041757 6.6323 -0.009340 0.011480 
2LLM 762.74 11.6094 -0.030504 10.5830 -0.014777 0.016016 
3LLH 1224.14 17.0146 -0.055818 10.2037 -0.014671 0.020552 
4LML 639.90 12.4642 -0.041757 8.4083 -0.012695 0.011480 
5LMM 1101.31 13.5667 -0.030504 9.9180 -0.014172 0.016016 
6LMH 1562.71 18.9719 -0.055818 7.0977 -0.010106 0.020552 
7LHL 1224.70 15.8450 -0.041757 11.4760 -0.018490 0.011480 
8LHM 1686.11 16.9474 -0.030504 8.7693 -0.013127 0.016016 
9LHH 2147.51 22.3527 -0.055818 1.7328 -0.002221 0.020552 
lOMLL 1209.04 2.5797 -0.024030 6.6323 -0.009340 -0.002300 
IIMLM 1670.45 3.6822 -0.012777 10.5830 -0.014777 0.002236 
12MLH 2131.85 9.0874 -0.038091 10.2037 -0.014671 0.006772 
13MML 1547.61 4.5370 -0.024030 8.4083 -0.012695 -0.002300 
14MMM 2009.02 5.6395 -0.012777 9.9180 -0.014172 0.002236 
15MMH 2470.42 11.0447 -0.038091 7.0977 -0.010106 0.006772 
16MHL 2132.41 7.9178 -0.024030 11.4760 -0.018490 -0.002300 
17MHM 2593.82 9.0202 -0.012777 8.7693 -0.013127 0.002236 
18MHH 3055.22 14.4255 -0.038091 1.7328 -0.002221 0.006772 
19HLL 1842.73 4.7379 -0.033222 6.6323 -0.009340 -0.011920 
20HLM 2304.13 5.8404 -0.021970 10.5830 -0.014777 -0.007384 
21HLH 2765.54 11.2456 -0.047283 10.2037 -0.014671 -0.002848 
22HML 2181.29 6.6952 -0.033222 8.4083 -0.012695 -0.011920 
23HMM 2642.70 7.7977 -0.021970 9.9180 -0.014172 -0.007384 
24HMH 3104.10 13.2029 -0.047283 7.0977 -0.010106 -0.002848 
25HHL 2766.09 10.0760 - -0.033222 11.4760 -0.018490 -0.011920 
26HHM 3227.50 11.1784 -0.021970 8.7693 -0.013127 -0.007384 
27HHH 3688.90 16.5837 -0.047283 1.7328 -0.002221 -0.002848 
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Table AlO. Generalized equations using Model 4.6 for all combinations 
of three levels of Ns, Ps and soil pH for soils of 
groups 1 and 2 
LEVELS 
Ns Ps pH 
bo bi b2 b3 b4 bs 
ILLL -36.12 1.1497 0.009034 11.3791 -0.016380 -.0042062 
2LLM 501.24 2.6736 0.006481 10.8372 -0.015552 -.0015822 
3LLH 1038.61 7.0886 -0.007345 9.0539 -0.011316 0.0010418 
4LML 344.06 1.7821 0.009034 9.9265 -0.014235 -.0042062 
5LMM 881.43 3.3059 0.006481 9.3870 -0.014159 -.0015822 
6LMH 1418.79 7.7210 -0.007345 7.6061 -0.010676 0.0010418 
7LHL 1000.73 2.8744 0.009034 7.4175 -0.010530 -.0042062 
8LHM 1538.10 4.3983 0.006481 6.8822 -0.011754 -.0015822 
9LHH 2075.47 8.8133 -0.007345 5.1056 -0.009570 0.0010418 
lOMLL 1100.82 8.4870 -0.034235 11.3791 -0.016380 -.0063846 
IIMLM 1638.19 10.0109 -0.036788 10.8372 -0.015552 -.0037606 
12MLH 2175.56 14.4260 -0.050615 9.0539 -0.011316 -.0011366 
13MML 1481.00 9.1194 -0.034235 9.9265 -0.014235 -.0063846 
14MMM 2018.37 10.6433 -0.036788 9.3870 -0.014159 -.0037606 
15MMH 2555.74 15.0583 -0.050615 7.6061 -0.010676 -.0011366 
16MHL 2137.68 10.2117 -0.034235 7.4175 -0.010530 -.0063846 
17MHM 2675.05 11.7356 -0.036788 6.8822 -0.011754 -.0037606 
18MHH 3212.41 16.1507 -0.050615 5.1056 -0.009570 -.0011366 
19HLL 1894.54 -3.3404 0.008867 11.3791 -0.016380 -.0079055 
20HLM 2431.91 -1.8165 0.006315 10.8372 -0.015552 -.0052815 
21HLH 2969.27 2.5985 -0.007512 9.0539 -0.011316 -.0026575 
22HML 2274.72 -2.7080 0.008867 9.9265 -0.014235 -.0079055 
23HMM 2812.09 -1.1842 0.006315 9.3870 -0.014159 -.0052815 
24HMH 3349.45 3.2309 -0.007512 7.6061 -0.010676 -.0026575 
25HHL 2931.40 -1.6157 0.008867 7.4175 -0.010530 -.0079055 
26HHM 3468.76 -0.0918 0.006315 6.8822 -0.011754 -.0052815 
27HHH 4006.13 4.3232 -0.007512 5.1056 -0.009570 -.0026575 
122 
Table All. Generalized equations using Model 4.10 for all combina­
tions of three levels of Ns, Ps and soil pH for soils 
of group 3 
LEVELS 
Ns Ps pH 
bo bi b2 b3 b4 b5 
ILLL 791.82 13.6754 -0.035472 5.73784 -0.015276 0.014936 
2LLM 889.89 19.4902 -0.052867 5.73784 -0.015276 0.019924 
3LLH 180.19 6.8644 -0.013395 5.73784 -0.015276 0.024912 
4LML 791.82 13.6754 -0.035472 5.14819 -0.012036 0.007376 
5LMM 889.89 19.4902 -0.052867 5.14819 -0.012036 0.012364 
6LMH 180.19 6.8644 -0.013395 5.14819 -0.012036 0.017352 
7LHL 791.82 13.6754 -0.035472 4.55854 -0.008796 -0.000184 
8LHM 889.89 19.4902 -0.052867 4.55854 -0.008796 0.004804 
9LHH 180.19 6.8644 -0.013395 4.55854 -0.008796 0.009792 
lOMLL 1378.53 9.5902 -0.026472 5.73784 -0.015276 0.014936 
IIMLM 1476.59 15.4050 -0.043867 5.73784 -0.015276 0.019924 
12MLH 766.89 2.7791 -0.004395 5.73784 -0.015276 0.024912 
13MML 1378.53 9.5902 -0.026472 5.14819 -0.012036 0.007376 
14MMM 1476.59 15.4050 -0.043867 5.14819 -0.012036 0.012364 
15MMH 766.89 2.7791 -0.004395 5.14819 -0.012036 0.017352 
16MHL 1378.53 9.5902 -0.026472 4.55854 -0.008796 -0.000184 
17MHM 1476.59 15.4050 -0.043867 4.55854 -0.008796 0.004804 
18MHH 766.89 2.7791 -0.004395 4.55854 -0.008796 0.009792 
19HLL 1965.23 5.5049 -0.017472 5.73784 -0.015276 0.014936 
20HLM 2063.30 11.3197 -0.034867 5.73784 -0.015276 0.019924 
21HLH 1353.59 -1.3061 0.004605 5.73784 -0.015276 0.024912 
22HML 1965.23 5.5049 -0.017472 5.14819 -0.012036 0.007376 
23HMM 2063.30 11.3197 -0.034867 5.14819 -0.012036 0.012364 
24HMH 1353.59 -1.3061 0.004605 5.14819 -0.012036 0.017352 
25HHL 1965.23 5.5049 -0.017472 4.55854 -0.008796 -0.000184 
26HHM 2063.30 11.3197 -0.034867 4.55854 -0.008796 0.004804 
27HHH 1353.59 -1.3061 0.004605 4.55854 -0.008796 0.009792 
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Table A12. Generalized equations using Model 4.11 for all combina­
tions of three levels of Ns, Ps and soil pH for soils 
of group 3 
LEVELS 
Ns Ps pH 
bo bi b2 bs b4 bs 
ILLL 729.28 15.2405 -0.043066 8.17968 -0.021622 0.017152 
2LLM 801.86 15.1829 -0.037234 8.17968 -0.021622 0.022548 
3LLH -2.95 11.1769 -0.031402 8.17968 -0.021622 0.027944 
4LML 729.28 15.2405 -0.043066 4.96848 -0.011392 0.006952 
5LMM 801.86 15.1829 -0.037234 4.96848 -0.011392 0.012348 
6LMH -2.95 11.1769 -0.031402 4.96848 -0.011392 0.017744 
7LHL 729.28 15.2405 -0.043066 1.75728 -0.001162 -0.003248 
8LHM 801.86 15.1829 -0.037234 1.75728 -0.001162 0.002148 
9LHH -2.95 11.1769 -0.031402 1.75728 -0.001162 0.007544 
lOMLL 1432.08 12.5646 -0.038266 8.17968 -0.021622 0.017152 
IIMLM 1504.67 12.5071 -0.032434 8.17968 -0.021622 0.022548 
12MLH 699.86 8.5011 -0.026602 8.17968 -0.021622 0.027944 
13MML 1432.08 12.5646 -0.038266 4,96848 -0.011392 0.006952 
14MMM 1504.67 12.5071 -0.032434 4.96848 -0.011392 0.012348 
15MMH 699.86 8.5011 -0.026602 4.96848 -0.011392 0.017744 
16MHL 1432.08 12.5646 -0.038266 1.75728 -0.001162 -0.003248 
17MHM 1504.67 12.5071 -0.032434 1.75728 -0.001162 0.002148 
18MHH 699.86 8.5011 -0.026602 1.75728 -0.001162 0.007544 
19HLL 2134.89 9.8888 -0.033466 8.17968 -0.021622 0,017152 
20HLM 2207.47 9.8312 -0.027634 8.17968 -0.021622 0.022548 
21HLH 1402.66 5.8252 -0.021802 8.17968 -0.021622 0,027944 
22HML 2134.89 9.8888 -0.033466 4.96848 -0.011392 0.006952 
23HMM 2207.47 9.8312 -0.027634 4.96848 -0.011392 0.012348 
24HMH 1402.66 5.8252 -0.021802 4.96848 -0.011392 0.017744 
25HHL 2134.89 9.8888 -0.033466 1.75728 -0.001162 -0.003248 
26HHM 2207.47 9.8312 -0.027634 1.75728 -0.001162 0.002148 
27HHH 1402.66 5.8252 -0.021802 1.75728 -0.001162 0.007544 
